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ABSTRACT 

I n v e s t i g a t i o n  of problems r e l a t e d  t o  c o n t r o l  of a 
mobile p l ane ta ry  v e h i c l e  accord ing  t o  a sys temat ic  p l an  f o r  t h e  
e x p l o r a t i o n  of Mars has  been undertaken. Problem areas receiv- 
i n g  a t t e n t i o n  inc lude  : o b e r a l l  systems a n a l y s i s ;  v e h i c l e  conf igura-  
t i o n ,  dynamics and a t t i t u d e  c o n t r o l ;  v e h i c l e  power systems a n a l y s i s ;  
on-board nav iga t ion  systems; s a t e l l i t e - v e h i c l e  nav iga t ion  systems; 
t e r r a i n  sens ing ,  i n t e r p r e t a t i o n  and modeling; and chromatographic 

, systems design concept  s t u d i e s .  The s p e c i f i c  t a s k s  which have been 
undertaken are def ined  and t h e  p rogres s  which has  been achieved 
dur ing  t h e  pe r iod  J u l y  1, 1970 t o  June 30, 1971 i s  summarized. Pro- 
j e c t i o n s  of t h e  work t o  be undertaken i n  c e r t a i n  areas dur ing  t h e  
pe r iod  Ju ly  1, 1971 t o  June 30, 1972 are included.  
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Analysis  and Design of a Capsule Landing System 
and Surface  Vehicle  Control System f o r  Mars Explora t ion  

I. In t roduc t ion  

Curren t  n a t i o n a l  goa l s  i n  space  e x p l o r a t i o n  inc lude  a d e t a i l e d  s tudy  
and examinat ion of t h e  p l a n e t  Mars. The e f f e c t i v e n e s s  of Mars e x p l o r a t i o n  
missions would be  enhanced according t o  t h e  e x t e n t  t o  which t h e  i n v e s t i g a t i v e  
dev ices  which are landed are-mobile ,  t o  t h e  range  of t h e i r  mob i l i t y ,  and t o  
the a b i l i t y  t o  c o n t r o l  t h e i r  motion. 
tives, and beyond t h a t ,  t o  maximize t h e  r e t u r n  on t h e  commitment of r e sources  
t o  t h e  miss ion ,  formidable  t e c h n i c a l  problems must be reso lved .  The major 
factor c o n t r i b u t i n g  t o  t h e s e  problems i s  t h e  round t r i p  communications t i m e  
d e l a y  between mar t ian  and e a r t h  c o n t r o l  s t a t i o n s  which varies from a minimum 
of about  9 minutes  t o  a maximum of 25 minutes.  This  t i m e  de l ay  imposes s t r i n -  
gen t  requirements  on t h e  v e h i c l e ,  on i t s  c o n t r o l  and communication systems and 
on those  systems included on board t o  make t h e  s c i e n t i f i c  measurements, i n  
terms of t h e i r  a b i l i t y  t o  func t ion  autonomously. 
t o  o p e r a t e  w i t h  a h igh  degree of r e l i a b i l i t y  and must be capable  of c a l l i n g  
f o r  e a r t h  c o n t r o l  under appropr i a t e  c i rcumstances.  

I n  o r d e r  t o  achieve  b a s i c  miss ion  objec- 

These systems must be  a b l e  

A number of important problems o r i g i n a t i n g  wi th  t h e s e  f a c t o r s  and 
r e l a t i n g  d i r e c t l y  t h e  b a s i c  mission o b j e c t i v e s  of an unmanned exp lo ra t ion  of 
Mars have been and are c u r r e n t l y  being i n v e s t i g a t e d  by a f acu l ty - s tuden t  pro- 
j ec t  t e a  a t  Rensselaer  Poly technic  I n s t i t u t e  w i th  t h e  support  of NASA 
NGL-33-018-091. 

This  progress  r e p o r t  desc r ibes  t h e  t a s k s  which have been undertaken 
and documents t h e  p rogres s  which has been achieved i n  t h e  i n t e r v a l  J u l y  1, 
1970 t o  June 30, 1971. 

11. D e f i n i t i o n  of Tasks 

The de lay  t i m e  i n  round t r i p  communication between Mars and Ear th  
g i v e s  rise t o  unique problems r e l evan t  t o  mar t ian  and/or  o t h e r  p l a n e t a r y  
e x p l o r a t i o n s .  All phases  of t h e  mission from landing  t h e  capsule  i n  t h e  
neighborhood of a d e s i r e d  p o s i t i o n  t o  t h e  sys temat ic  t r a v e r s i n g  of t h e  sur -  
face and t h e  a t t e n d a n t  d e t e c t i o n ,  measurement, and a n a l y t i c a l  ope ra t ions  
must be  consummated wi th  a minimum of c o n t r o l  and i n s t r u c t i o n  by e a r t h  based 
u n i t s .  The de lay  t i m e  r e q u i r e s  t h a t  on board systems capable  of making 
r a t i o n a l  d e c i s i o n s  b e  developed and t h a t  s u i t a b l e  p recau t ions  b e  ' taken a g a i n s t  
p o t e n t i a l  c a t a s t r o p h i c  f a i l u r e s .  Four major t a s k  a r e a s ,  which are i n  t u r n  
d iv ided  i n t o  appropr i a t e  sub-tasks,  have been de f ined  and are l i s t e d  below. 

A. Vehicle  Conf igura t ion ,  Control,  Dyn amics, Systems and Propuls ion.  
The o b j e c t i v e s  of t h i s  t a sk  are t o  i n v e s t i g a t e  problems r e l a t e d  
t o  t h e  des ign  of a roving v e h i c l e  f o r  Mars e x p l o r a t i o n  w i t h  
r e s p e c t  t o  conf igu ra t ion ;  motion and a t t i t u d e  c o n t r o l ;  o b s t a c l e  
avoidance; c o n t r o l ,  information and power systems; and propuls ion  
systems. Ir, a d d i t i o n ,  the des ign  concepts  must accommodate t h e  
equipment and instruments  r equ i r ed  t o  automate t h e  v e h i c l e  and t o  
perform t h e  s c i e n t i f i c  ob jec t ives  of t h e  mission.  
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B. General Systems Analysis .  
develop a framework wi th in  which d e c i s i o n s  i n  des ign  invo lv ing  
c o n f l i c t i n g  requirements  can be  made r a t i o n a l l y  and i n  t h e  con- 
t e x t  of t h e  whole system and mission.  
alternative mission p r o f i l e s  and s p e c i f i c a t i o n s  and weight ,  
energy and space a l l o c a t i o n  and management w i l l  be sought.  

The o b j e c t i v e  of t h i s  t a s k  i s  t o  

Re la t ionsh ips  between 

C. Surface  Navigat ion and Path Cont ro l .  Once the c a p s u l e  i s  landed 
and t h e  roving  v e h i c l e  i s  i n  an  o p e r a t i o n a l  s ta te ,  i t  is  neces-  
s a r y  t h a t  t h e  v e h i c l e  can b e  d i r e c t e d  t o  proceed under remote 
c o n t r o l  from t h e  landing  s i t e  t o  s p e c i f i e d  p o s i t i o n s  on t h e  
mar t i an  su r face .  This  t a s k  i s  concerned w i t h  t h e  problems of 
t e r r a i n  modeling, pa th  s e l e c t i o n  and nav iga t ion  between t h e  
i n i t i a l  and t e rmina l  si tes when major terrain f e a t u r e s  prec lud-  
i n g  d i r e c t  p a t h s  are t o  be a n t i c i p a t e d .  
c a p a b i l i t y  must be designed t o  minimize e a r t h  c o n t r o l  respons i -  
b i l i t y  except  i n  t h e  most adve r se  ci rcumstances.  

On board d e c i s i o n  making 

D. Chemical Analysis  of Specimens. A major o b j e c t i v e  of mar t i an  
s u r f a c e  e x p l o r a t i o n  w i l l  be t o  o b t a i n  chemical,  biochemical  o r  
b i o l o g i c a l  in format ion .  
miss ion  r e q u i r e  a gene ra l  du ty ,  chromatographic s e p a r a t o r  p r i o r  
t o  chemical a n a l y s i s  by some device .  The o b j e c t i v e  of t h i s  t a s k  
i s  t o  gene ra t e  fundamental d a t a  and concepts  r equ i r ed  t o  opt imize  
such a chromatographic sepa ra to r  according t o  t h e  a n t i c i p a t e d  
m i  s s ion.  

Most experiments  proposed f o r  t h e  

111. Summary of Resu l t s  

Task A. Vehic le  Conf igura t ion ,  Control ,  Dynamics, Systems and Propuls ion  

The o b j e c t i v e s  of t h i s  t a s k  are t o  i n v e s t i g a t e  problems r e l a t e d  t o  
t h e  des ign  of a roving  v e h i c l e  f o r  Mars e x p l o r a t i o n  w i t h  respect t o  conf igura-  
t i o n ,  motion and a t t i t u d e  c o n t r o l ,  o b s t a c l e  avoidance, c o n t r o l ,  in format ion  
and power systems and propuls ion  systems. In a d d i t i o n ,  t h e  des ign  concepts  
which a r e  developed must accommodate t h e  equipment and ins t ruments  r equ i r ed  t o  
automate t h e  v e h i c l e  and t o  perform t h e  s c i e n t i f i c  o b j e c t i v e s  of t h e  mission.  

Three major sub-tasks have been de f ined :  ( a )  rov ing  v e h i c l e  
c o n f i g u r a t i o n  and dynamics, (b) wheel a n a l y s i s  and des ign ,  
and ( c )  v e h i c l e  s t e e r i n g  c o n t r o l  system. 
The p rogres s  achieved t o  date  i s  descr ibed  i n  t h e  s e c t i o n s  
immediately fol lowing.  

Task A . l .  Roving Vehicle  Configurat ion and Dynamics - 
W. P. Rayf ie ld ,  D. Caracappa, H. Goldberg, D. Walsh, J. Young 
Facul ty  Advisor : Prof. G. N. Sandor 

The major o b j e c t i v e  of t h i s  t a s k  i s  t h e  development and opt imi-  
z a t i o n  of a roving  v e h i c l e  f o r  Mars, h e r e a f t e r  des igna ted  as MRV. 
There were fou r  main ob jec t ives  f o r  t h e  prev ious  per iod .  F i r s t ,  t h e  
heave and p i t c h  dynamics of t h e  MRV were t o  be s tud ied .  Secondly, 
t h e  o b s t a c l e  c a p a b i l i t i e s  of the rove r  were t o  be  s t u d i e d  and t e s t e d .  
Th i rd ly ,  t h e  v e h i c l e  maneuverabi l i ty  w a s  t o  be  eva lua ted .  And 
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f o u r t h l y ,  a payload s tudy  w a s  t o  be  i n i t i a t e d .  

The MRV concept ,  which has been desc r ibed  i n  d e t a i l  i n  Refer-  
ences  1 and 2 i s  shown i n  Figure 1. In b r i e f ,  t h e  proposed MRV i s  
a five-wheeled v e h i c l e  which would normally ope ra t e  i n  a four-wheel 
mode b u t  which could  a l s o  maneuver i n  a three-wheel mode us ing  t h e  
swivel wheel by a s h i f t  i n  t h e  c e n t e r  of g r a v i t y  of t h e  veh ic l e .  

Task A.1.a.  Dy-n amics Study. 

An o u t l i n e  of thedynamicss tudy  has  been prepared  
as shown i n  F igure  2. 
i n g  f o u r  areas: 

Progress has  been made i n  t h e  fo l law-  

(1) 
debugged and r e v i s e d  as shown i n  Table 1. In  a d d i t i o n ,  a 
s t r a i g h t - l i n e ,  pa th-genera t ing  four-bar  l inkage  has  been 
designed t o  r e p l a c e  t h e  o r i g i n a l ,  s ing le -p ivo t  rear suspension,  
as shown i n  F igures  3 and 4 .  

The MRV dynamically-scaled o p e r a t i o n a l  model has  been 

(2) 
analyzed and r e f i n e d  t o  reduce t h e  t o t a l  v e h i c l e  weight  and 
ma in ta in  t h e  proper  mass d i s t r i b u t i o n .  Major weight reduc- 
t i o n s  w e r e  achieved by machining t h e  f l a n g e s  o f f  t h e  f o u r  
c o n t r o l  motors,  m i l l i n g  down t h e  wheel hubs, adding l i g h t e n i n g  
h o l e s  t o  most e lements  of t h e  main v e h i c l e  frame, and r e p l a c -  
i n g  t h e  rear swivel wheel w i t h  a l i g h t e r  design.  

The MRV dynamical ly-scaled o p e r a t i o n a l  v e h i c l e  has  been 

(3) Dymmic tes t  apparatus  has  been prepared f o r  t e s t i n g  t h e  
MRV model. A shaker  p la t form w a s  designed and cons t ruc t ed  
which i s  capable  of providing a v e h i c l e  displacement  inpu t  t o  
t h e  two rear wheels ,  t h e  two f r o n t  wheels o r  t h e  l e f t  o r  r i g h t  
s i d e  of t h e  MRV. The amplitude and frequency of t h e  i n p u t  can 
be a d j u s t e d  t o  s tudy  v e h i c l e  response  t o  d i f f e r e n t  t e r r a i n s .  

( 4 )  
t h e  MRV has  been developed as fo l lows :  

A mathematical  model of t h e  heave and p i t c h  dynamics of 

The v e h i c l e  i s  considered t o  move only  i n  t h e  ver t ica l  
p l a n e ,  which can be  j u s t i f i e d  by i t s  symmetry. 
ver t ical  displacement  input  i s  app l i ed  t o  t h e  r e a r  wheels 
s imula t ing  a t e r r a i n  d is turbance .  The v e h i c l e  can be r ep re -  
s en ted  schemat i ca l ly  as a lumped spring-mass system wi th  f o u r  
masses and moments of i n e r t i a ,  f o u r  l i n e a r  s p r i n g  c o n s t a n t s ,  
t h r e e  t o r s i o n a l  s p r i n g  cons t an t s ,  and a one-way damping co- 
e f f i c i e n t ,  as shown in  Figure 5. Taking t h e  f i v e  r i g i d  s e c t i o n s  
i n d i v i d u a l l y ,  and cons t ruc t ing  free-body diagrams, F igure  6 ,  
t h r e e  d i f f e r e n t i a l  equat ions can be  w r i t t e n  f o r  each s i n c e  each 
s e c t i o n  has  t h r e e  degrees of freedom. 
f i f t e e n  equat ions .  Eight of  t h e  f i f t e e n  equa t ions  must b e  used 
t o  de te rmine  t h e  " in t e rna l "  f o r c e s  between each p a i r  of con- 
nec ted  s e c t i o n s  of t h e  veh ic l e ,  i.e. f o r c e  equat ions .  This  
leaves seven equa t ions  in  t h e  seven unknowns necessary  t o  

An o s c i l l a t i n g  

This y i e l d s  a t o t a l  of 
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d e s c r i b e  t h e  p o s i t i o n  of  a l l  p a r t s  of t h e  v e h i c l e  a t  any 
one t i m e .  
a c c e l e r a t i o n  terms, t h e  equat ions  can be  expressed i n  
ma t r ix  form as shown i n  F igures  7 and 8 where matrices A 
and B c o n t a i n  displacements  and v e l o c i t y  terms and products ,  
b u t  no  a c c e l e r a t i o n  terms. 
Kut ta  i t e r a t i o n  technique on t h e  computer, a l l  seven d i s -  
placements and v e l o c i t i e s  can b e  c a l c u l a t e d  f o r  each t i m e  
increment;  t h u s  a l l  t h e  ma t r ix  e lements  of both A and B can 
b e  eva lua ted .  Invkr t ing  A and mul t ip ly ing  t h e  r e s u l t  by B 
y i e l d s  t h e  a c c e l e r a t i o n  terms. The computer can then  p r i n t  
o u t  graphs of t h e  displacement ,  v e l o c i t y ,  and a c c e l e r a t i o n  
of each of  t h e  seven independent v a r i a b l e s ,  F igures  9 and 10. 
The program i s  f l e x i b l e  t o  permit  adjustment  of t h e  i n p u t  
ampl i tude  and frequency a s  w e l l  as any of t h e  v e h i c l e  para-  
meters. 

Since t h e  seven equa t ions  are l i n e a r  i n  a l l  

By us ing  a fou r th -o rde r  Runge- 

The mathematical  model was developed t o  s imula t e  t h e  s c a l e d  
o p e r a t i o n a l  model, and a l l  s p r i n g  c o n s t a n t s ,  masses and 
dimensions f o r  t h e  computer i npu t  were measured from it. 
Thus, t h e  n a t u r a l  f requencies  and any i n s t a b i l i t i e s  p r e d i c t e d  
by t h e  computer can be exper imenta l ly  subs t an t i a t ed .  The model 
can  then  p r e d i c t  t h e  maximum a c c e l e r a t i o n  a t  any p o i n t  of t h e  
v e h i c l e  f o r  each e x c i t a t i o n  frequency. 

This e f f o r t  w i l l  b e  a imed  a t  developing r e l a t i o n s h i p s  between 
v e h i c l e  speed and payload e x c i t a t i o n ,  o b s t a c l e  s i z e ,  and sus-  
pens ion  elements ,  w i t h  t he  a n t i c i p a t e d  r e s u l t s  t h a t  t h i s  
v e h i c l e ,  w i t h  opt imized suspension des ign  and set  payload 
e x c i t a t i o n  l i m i t s  w i l l  have a h ighe r  speed c a p a b i l i t y  over  
rough t e r r a i n  than  t h e  segmented conf igu ra t ions  proposed by 
o t h e r s .  

Task A.1.b.. Obstacle  Capabi l i ty .  

Progress  has  been made in  the fo l lowing  t h r e e  areas: 

(1) A t h e o r e t i c a l  a n a l y s i s  w a s  made of t h e  v e h i c l e ' s  
o b s t a c l e  n e g o t i a t i o n  c a p a b i l i t i e s  i nc lud ing  s t e p ,  crevasse, 
up-slope,  down-slope, s ide-s lope ,  c l i f f ,  and r idge .  To 
e v a l u a t e  t h e  r e s u l t s  of t h i s  s tupy,  a v e h i c l e  test  area w a s  
prepared.  The area w a s  designed t o  provide  a l l  t h e  b a s i c  
o b s t a c l e s ,  each a d j u s t a b l e  i n  magnitude. A high f r i c t i o n  
t r a c t i o n  s u r f a c e  w a s  appl ied  t o  a l l  t h e  o b s t a c l e s ,  s i n c e  t h e  
purpose of t h e  f a c i l i t y  was t o  s tudy  t h e  o b s t a c l e  c a p a b i l i t y  
and s t a b i l i t y  l i m i t a t i o n s .  

An MRV w i t h  an a d j u s t a b l e  cen te r -o f -g rav i ty  can e a s i l y  nego- 
t i a t e  s t e p  o b s t a c l e s  less than  t h e  wheel r ad ius  and crevasse 
obstacles less than  the wheel diameter .  Free-body diagrams of 
t h e  f r o n t  and rear wheels are  shown i n  F igure  11. 

The t r a c k  width of 119 inches and t h e  ground c l e a r a n c e  of 29 
inches  permi t  t h e  v e h i c l e  t o  s t r a d d l e  a maximum r i d g e  formed 
by two i n t e r s e c t i n g  2 8 O  oppos i t e  s l o p e s .  The v e h i c l e  can  climb 
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(3 )  
t h e  t i l t i n g  motor simply s h i f t s  t h e  v e h i c l e  CG a f t  of t h e  rear 
wheels by t i l t i n g  t h e  v e h i c l e  body w i t h  r e s p e c t  t o  t h e  forward 
s t r u c t u r e  as shown i n  Figure 16. However, t h i s  same method 
cannot  b e  used t o  r e t u r n  t h e  v e h i c l e  t o  t h e  four-wheel mode s i n c e  
t h e  f r o n t  wheels are n o  longer  i n  c o n t a c t  w i th  t h e  sur face .  

Therefore ,  a s i m p l e ,  l igh tweight  forward j ack ing  mechanism w a s  
designed and added t o  the  v e h i c l e ,  F igure  1'7. A s m a l l  level., 
p ivo ted  t o  t h e  end of t he  t a i l -whee l  s t r u t ,  i s  lowered t o  t h e  
s u r f a c e  au tomat i ca l ly  as t h e  r a i s e d  f r o n t  s e c t i o n  i s  lowered; 
t h i s  i s  t h e  f i r s t  s t e p  i n  r e t u r n i n g  t h e  v e h i c l e  t o  t h e  four -  
wheel mode. The r e a r  t r a c t i o n  wheels are then  dr ivenforward ,  
f o r c i n g  t h e  poin ted  jacking  s t r u t ,  equipped w i t h  a "basket" 
s i m i l a r  t o  a s k i  po le ,  t o  p e n e t r a t e  a s o f t  t e r r a i n  o r  "catch" 
on a ha rde r  rock s u r f a c e .  Thus, as t h e  v e h i c l e  moves forward, 
t h e  s t r u t  g e n t l y  t i l t s  t h e  v e h i c l e  forward i n t o  i t s  normal 
four-wheel mode. 

For  t h e  v e h i c l e  t o  tilt back i n t o  t h e  three-wheel mode, 

- 

0 25' up- and down-slopes and 45 s ide - s lopes ,  wh i l e  main ta in-  
i n g  a c o n s t a n t  ground c l ea rance ,  as shown i n  F igure  13; 40' 
up-slopes can  b e  nego t i a t ed  wi th  a l o s s  of ground c l ea rance ,  
provided t h e r e  e x i s t s  good t r a c t i o n ;  80' down-slopes are 
p o s s i b l e ,  w i t h  good t r a c t i o n .  The MRV can c r o s s  a r i d g e  
formed by two i n t e r s e c t i n g  40' oppos i te -s lopes .  

Turning r a d i i  have been determined as shown i n  F igure  12. The 
c e n t e r  of g r a v i t y  a n a l y s i s  shown i n  F igures  14 and 15 i n d i c a t e ,  
f o r  example, a s t a b i l i t y  p e r m i t t i n g  t h e  v e h i c l e  t o  c l i m b  i t s  
m a x i m u m  s t e p  whi le  on a 2 5 O  up-slope. 

S t a t i c  t r a c t i o n  and torque equa t ions  w e r e  w r i t t e n  as f u n c t i o n s  
of t h e  magnitudes of each of t h r e e  major o b s t a c l e s  ( s t e p ,  
crevasse, and s l o p e ) ,  a n d  t h e  forward motion of t h e  MRV whi le  
n e g o t i a t i n g  them. A computer program w a s  w r i t t e n  t o  so lve  t h e s e  
f o r  t h e  incrementa l ly  inc reas ing  forward movement of  t h e  v e h i c l e ,  
showing t h e  p o s i t i o n s  of peak to rque  and t r a c t i o n  requirements .  

(2)  
prepared  tes t  area. The f i l m  i l l u s t r a t e s  t h e  fo l lowing:  
maneuverabi l i ty  i n  t h e  four-  and three-wheel modes; t h e  tilt- 
back maneuver; up-slope, down-slope, and s ide-s lope  maneuvering; 
s t e p  and c revasse  n e g o t i a t i o n ;  ope ra t ion  of a l l  suspension 
e lements ;  and a s h o r t  t r a v e r s e  over  a loose  s o i l ,  outdoor t es t  
area. 

A 16-mm movie was  made us ing  t h e  o p e r a t i o n a l  model and t h e  

Task A.1 .c .  Maneuverabili ty.  

The most important  "obs tac le  c a p a b i l i t y "  of an unmanned roving  
v e h i c l e  i s  i t s  maneuverabi l i ty ,  s i n c e  t h i s  can g r e a t l y  reduce 
t h e  number of d i f f i c u l t  o b s t a c l e s  it must n e g o t i a t e  as w e l l  as 
provide  i-ecourse f o r  non-negot iable  o b s t a c l e s .  

The f i r s t  problem of t h e  maneuverabi l i ty  s tudy w a s  t o  e s t a b l i s h  
meaningful parameters  t o  measure maneuverabi l i ty  of va r ious  
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v e h i c l e  concepts .  
as u s e f u l  "yardst icks ."  These were t h e n  measured f o r  two 
comparably s i z e d  rove r  conf igu ra t ions :  a 6-wheeledY th ree -  
segmented v e h i c l e  design,  s imilar  t o  proposed unmanned, 
l u n a r  r o v e r s ,  and t h e  RPI-MEW, i n  both  fou r -  and three-wheel 
modes. The r e s u l t s ,  as shown i n  Table 2,  i l l u s t r a t e  t h e  
maneuverabi l i ty  s u p e r i o r i t y  of  t h e  MRV over  segmented con- 
f i g u r a t i o n s  i n  every category analyzed. 

Five s e p a r a t e  c r i te r ia  were e s t a b l i s h e d  

Task A.1.d. Payload Study. 

A l i s t  of probable  ins t rumenta t ion  f o r  t h e  sc i ence  payload 
was  compiled. 

The v a l u e  of  each instrument  w a s  weighted according t o  i t s  
u s e f u l n e s s  i n  each of the t h r e e  major s c i ence  o b j e c t i v e s :  
atmosphere a n a l y s i s , l i t h o s p h e r e  a n a l y s i s ,  and l i f e - s u p p o r t  
c a p a b i l i t y  study. The instruments  were then  l i s t e d  accord ing  
t o  t h i s  pre l iminary  p r i o r i t y  system, t h e  most u s e f u l  t o  t h e  
l ea s t  u s e f u l ,  as shown in Table  3 .  Summing t h e  maximum and 
minimum es t imated  e a r t h  weight and volume requirements accord- 
i n g  t o  t h e  p r i o r i t y  l i s t ,  and comparing t h e s e  summations t o  
expected v e h i c l e  payload c a p a c i t y  g ives  a f i r s t  approximation 
of ins t rument  s i z e  requirements ,  F igu re  18. 

A s tudy  of t h e  mission conf igu ra t ion  w a s  a l s o  i n i t i a t e d .  
Various miss ions  us ing  one o r  two l ande r s  i n  combination w i t h  
one o r  two rove r s  w e r e  ou t l ined .  In  a d d i t i o n ,  t h e  use  of two 
v e h i c l e s  w i t h  i n d i v i d u a l l y  d i s t i n c t  func t ions  t o  complement 
each o t h e r  has  been proposed. For example, one v e h i c l e  could 
b e  designed as a pa th f inde r  w i t h  excep t iona l ly  good o b s t a c l e  
d e t e c t i o n  and n e g o t i a t i o n  c a p a b i l i t i e s  a t  t h e  expense of t h e  
sc i ence  payload and communications. It would b e  t h e  t a s k  of 
t h i s  v e h i c l e  t o  sea rch  out t h e  least  t r eache rous  o r  most 
e f f i c i e n t  pa th  f o r  t h e  second veh ic l e .  The second v e h i c l e ,  
t r a v e l i n g  on t h e  surveyed pa th  would need less o b s t a c l e  de tec-  
t i o n  and n e g o t i a t i o n  c a p a b i l i t y  and could devote  more weight  t o  
t h e  s c i e n t i f i c  instruments  and communications equipment. Other 
combinations of separate v e h i c l e  des igns  are a l s o  p o s s i b l e ,  
such as a s o i l  sample  and rock  ga the r ing  v e h i c l e  i n  conjunct ion  
w i t h  a f i x e d  o r  moving sample ana lyze r  and communicator. 

0 

Task A . 2 .  F l e x i b l e  Toro ida l  Wheel Design - F. L. Simon, G. Chapek, 
'L. Cupreys,. H. Goldberg 
Facu l ty  Adviser:  G. N.  Sandor 

The o b j e c t i v e  of  t h i s  t a sk  i s  t o  des ign  and eva lua te  a wheel s u i t a b l e  
f o r  t h e  MEW. This t a s k  has  extended earlier work i n  t h e  development of a 
t o r o i d a l  wheel concept ,  Figure 19 ,  p resented  i n  Reference 3 .  This  p a s t  
year ' s  e f f o r t  is  documented in  more d e t a i l  i n  Reference 4 .  

.During t h e  p a s t  per iod ,  f ive major ac t iv i t i e s  have been pursued. 
F i r s t ,  t h e  s c a l e d  model wheels w e r e  redes igned .  Second, an  e x t e n s i v e  
wheel and hoop t e s t i n g  program has  been conducted. 
tical a n a l y s i s  i n i t i a t e d  during t h e  prev ious  work per iod  was extended 

Third,  t h e  mathema- 
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M ANEUVERABIL ITY  C R I T E R I A  
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INSTRUMENT WEIGHT S I Z E  AND POWER REQUIREMENTS 

Instrument Weight Sizc Power 

in . .. , ,in . in' . 

\ lbs. cu.in. watts 

1. Oven 

2, pH Meter 

3. Flame Tester 

4; Spect rograph  

5, Cent  r i f ug e 

6,Chromatograph . 
7. F i l t e r  

g.Reagent Tester 

G'. Camera 

(0. Hicrophone 

Odor T e s t e r  

1 ?.Thermometer 

13. Density Equipment 

14. S o i l  scoop 

15 Core Sampler 

16. Hardness Tester 

17. P o r o s i t y  Tester 

/e. Seismometer 
19. Shock Tester 

2 a. Bolometer 

2f. F i e l d  D e t e c t o r s  

2?.Gieger Counter 

23 Barometer 

24: Iiygrome t er 

25,Rain Gauge 

26.Anemome t e r  

27Radio Sonde ' 

@.Speaker 

c9 

8-15 ' 

1-3 

3-5 

4-8 

5-10 

20-40 

2-4 

5-10 

1- 5 

I 
2-10 

0.5 

5-10 

15-25 

15-25 

5-10 

5-10 

10-15 * 

2-4 

2- 3 

0.5-1 

0.5-1 

0.5-1 

0.5-1 

0.5-1 

0.5-1 

0.5-1 

0.5-1 

400-500 

40-70 

60-100 

100- 150 

300-400 

2000-3000 

50-100 

70-150 

50-100 

30-50 

50-150 

20-50 

50-100 

1500- 2000 

700- 1000 

300-800 

40-70 

150-300 

50-120 

1-3 

10-30 

100-200 

30-60 

30-GO 

30-80 

100-120 

50-80 

50-70 

500 

5-10 

0- 1 

0- 1 

5-10 

10- 100 

10-20 

5-10 

1-5 

0.5 

2- 10 

0.1 

5-10 

10-100 

50-500 

3 0 ~ 7 0  

10-20 

1-5 

0- 1 

0- 1 

1-5 

0- 1 

0- 1 

0- 1 

1-5 

0- 1 

'0-1 

0- 1 

: " 

I 
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I4 
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WEIGHT 

a 

\ 

. .  
. .  

. .  

. 

min. max. 

SIZE 

TOTAL SIZE AND WEIGHT OF THE INSTRUMENT PACKAGE 

Figure 18. 
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FULL-SIZE SIXTEEN SPOKE TOROIDAL WHEEL 

F i g u r e  19. 
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t o  an N-spoke 
was  designed,  
i n v e s t i g a t i o n  

computer program. Fourth,  a f u l l - s i z e d  model wheel 
us ing  t h e  N-spoke computer program. And, f i f t h ,  an 
of materials and des ign  of t h e  wheel ' s  hoop-rim h inges .  

Task A.2.a. Model Wheel Redesign 

Beginning i n  June 1970, t he  major t a s k  was  t o  improve on t h e  
des ign  and f a b r i c a t i o n  of t h e  s c a l e d  model t o r o i d a l  wheel. 
The o r i g i n a l  wheels b u i l t  f o r  t h e  dynamic model ( see  Task A . l )  
could n o t  s t and  up t o  the r i g o r s  of dynamic t e s t i n g .  The de- 
f i c i e n c i e s  w i t h  t h e s e  wheels l a y  i n  t h e  fo l lowing  areas: The 
spring-tempered phosphor-bronze hoop and rim mater ia l  w a s  per -  
manently deforming i n  normal usage,  because of i t s  i n s u f f i c i e n t  
e las t ic  l i m i t ;  t h e  hinges connec t ing  each hoop w i t h  t h e  r i m  were 
f a s t ened  w i t h  epoxy r e s i n ,  t h e  s t r e n g t h  of which w a s  i n s u f f i c i e n t  
i n  normal usage caus ing  f a i l u r e ;  and t h e  t r a c t i o n  of t h e  rear 
wheels needed improvement. 

The f i r s t  problem was resolved by s e l e c t i n g  a material w i t h  a 
h ighe r  elastic l i m i t .  S . A . E .  1095 tempered s p r i n g  s tee l  w a s  
chosen wi th  i t s  e l a s t i c  l i m i t  of 67,000 p . s . i .  a s  compared t o  
12,000 p.s . i .  f o r  phosphor bronze. Assuming 80.0% of t h e  load 
w a s  supported by t h e  bottom-most hoop, an a n a l y s i s  w a s  c a r r i e d  
ou t  on t h e  hoop us ing  C a s t i g l i a n o ' s  Theorem t o  determine d e f l e c -  
t i o n s  as a func t ion  of hoop dimensions,  i.e. wid th  and th i ckness .  
Hoop dimensions were chosen t o  match as c l o s e l y  as p o s s i b l e  t h e  
d e s i r e d  d e f l e c t i o n s  i n  t h e  o r i g i n a l  phosphor bronze hoop under 
i d e n t i c a l  loading.  This  f i n a l  cho ice  w a s  0.280" wide and 0.010" 
t h i ck .  

The second major problemwas concerned wi th  t h e  method of 
a t t a c h i n g  t h e  h inges  t o  t h e  hoops and r i m .  
a l t e r n a t i v e s  were considered.  The s t ronge r  types  of epoxy were 
found t o  b e  too  b r i t t l e .  Since b o l t i n g  o r  r i v e t i n g  cause  stress 
concen t r a t ions  i n  t h e  v i c i n i t y  of t h e  h o l e ,  t h e s e  a l t e r n a t i v e s  
w e r e  r e j e c t e d .  
always 'be used should the remaining alternatives f a i l .  Although 
s o l d e r  would n o t  have the needed s t r e n g t h ,  spot  welding appeared 
t o  b e  a worthy concept .  
0.010 inch  t h i c k  S . A . E .  1095 s t ee l  showed t h a t  t h i s  method was 
f a s t  and e f f i c i e n t .  However, m e t a l l u r g i c a l  changes i n  t h e  weld- . 
i ng  sequence w e r e  causing t h e  material  i n  t h e  v i c i n i t y  o f  t h e  
weld t o  become b r i t t l e .  

Severa l  des ign  

Tying with f i n e  w i r e  looked promising and could  

Experimentat ion w i t h  samples of t h e  

The s p o t  welding problem w a s  d i scussed  w i t h  f a c u l t y  of t h e  
Materials Div is ion  and it  was  concluded t h a t  t h e  r a p i d  coo l ing  
a f te r  s p o t  welding w a s  causing a quench. The welding process  
involv ing  r e s i s t a n c e  hea t ing  raises t h e  temp. t o  about  1300°F 
(Austenizing temperature)  a f t e r  which t h e  r a p i d  coo l ing  allowed 
a m a r t e n s i t i c  t ransformat ion  t o  t a k e  p lace .  The m a r t e n s i t e  
m i c r o s t r u c t u r e  i s  very  b r i t t l e .  

Two cour ses  of a c t i o n  were t r i e d  t o  a l lev ia te  t h e  problem: 
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So lu t ion  I - Complete hea t  treatment by r e t u r n i n g  welded p a r t s  
t o  aus t en iz ing  temperature ,  o i l  quenching fol lowed 
by tempering . 

'. S o l u t i o n  II- tempering welded p a r t s  only.  

It was  found t h a t  Solu t ion  I1 w a s  s u f f i c i e n t  t o  s t r e n g t h e n  the.  
weld area. 
o v e r a l l  s t r e n g t h  of t h e  j o i n t .  

Tempering reduces t h e  hardness  and i n c r e a s e s  t h e  

With t h e  spo t  welding problem so lved ,  new hinges  were made from 
untempered s o f t  S.A.E. 1095 steel  and welded t o  t h e  s teel  hoops 
and r i m .  A set of fou r  wheels were assembled and are performing 
e x c e l l e n t l y .  The t r a c t i o n  d i f f i c u l t y  w a s  solved by welding m e t a l  
c leats  t o  t h e  r i m .  

Task A.2.b. Wheel and Hoop T e s t i n g  

The hoop and wheel t e s t i n g  program served two purposes .  F i r s t ,  
t h e  v a l u e s  of  t h e  hoop sp r ing  c o n s t a n t s  i n  t h e  normal and 
t a n g e n t i a l  d i r e c t i o n s  were r equ i r ed  as d a t a  f o r  t h e  wheel analy-  
s i s  computer program, Second, t h e  s p r i n g  c o n s t a n t s  of t h e  e i g h t  
and s i x t e e n  spoke wheels were determined 2nd compared wi th  t h e  
r e s u l t s  of t h e  wheel a n a l y s i s  computer program. 
and t h e o r e t i c a l  r e s u l t s  showed e x c e l l e n t  c o r r e l a t i o n .  

Experimental  

The tes t  appara tus  i s  shown i n  F igure  20. Loads were a p p l i e d  
t o  t h e  hoops and wheels by p l a c i n g  weights  on t h e  plunger .  
Various j i g s  and yokes were f a b r i c a t e d  t o  m e e t  t h e  i n d i v i d u a l  
t es t  requirements .  Def lec t ions  were measured w i t h  a d i a l  gauge. 
The exper imenta l  program c a l l e d  f o r  t h r e e  independent determina- 
t i o n s  of t h e  v a r i o u s  sp r ing  c o n s t a n t s  t h a t  were des i r ed .  Although 
s u f f i c i e n t  d a t a  were n o t  a v a i l a b l e  f o r  s t a t i s t i c a l  a n a l y s i s ,  in -  
v e s t i g a t i o n  of t h e  t e s t  r e s u l t s  y i e lded  v a l u e s  f o r  t h e  e i g h t -  and 
s ixteen-spoke wheel spr ing  c o n s t a n t s  t h a t  were i n  agreement w i t h  
t h e  va lues  obta ined  by computer program. 

The graph of  t h e  wheel sp r ing  c o n s t a n t s  are presented  i n  F igure  21. 

Task A.2.c. Computer Analysis  of Wheel 

Pre l iminary  work on t h e  a n a l y s i s  w a s  undertaken dur ing  t h e  s p r i n g  
of 1970, Reference 3 .  C a s t i g l i a n o ' s  Energy Theorem was used t o  
ana lyze  t h e  i n d i v i d u a l  hoops from a l l  d i r e c t i o n s .  

The p resen t  wheel a n a l y s i s  was  developed by w r i t i n g  t h e  f o r c e  
. and moment equa t ions  f o r  each r i m  segment. It w a s  assumed t h a t  

t h e  cont inuous f l e x i b l e  r i m  w a s  rep laced  by a f i n i t e  number of 
i n f i n i t e l y  r i g i d  r i m  segments. 
j o i n t e d  t o g e t h e r  and equaled t h e  t o t a l  number of hoops. A s p r i n g  
c o n s t a n t  could be  introduced a t  each p i n  j o i n t  t o  r e p r e s e n t  t h e  
s t i f f n e s s  of a cont inuous f l e x i b l e  rip over  t h e  l eng th  of a r i m  
segment. 

They were assumed t o  b e  pin-  

Now loop c losu re  equa t ions  could be  w r i t t e n  around each 
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WHEEL DEFLECTION TEST 

Figure 20 



I 
D 
I 
I 
I 
I 
I 
1 
1 
I 

aJ 

. .  

. .  

. .  

. -  

. .  

0 

0 
r-- 
c 

n - - 

0 
h 

0 
m 

0 
u) 

0 w 

0 
Cr) 

3 

0 
r- 



I 
I 
I 
I 
I 
I 
I 
1 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

.~ 

27 

hoop-rim-hoop-hub c i r c u i t .  These e f f o r t s  were s t i f f l e d  i n  
an a t tempt  t o  reduce the number of unknowns and equat ions .  
The d i f f i c u l t y  l ay  i n  r e l a t i n g  hoop d e f l e c t i o n s  w i t h  r i m  
r o t a t i o n s  and t h e  r e l a t i o n s  which were obta ined  w e r e  f a r  t o o  
comp 1 i c  a t ed . 
Upon review of t h i s  e a r l i e r  work, i t  w a s  decided t o  t r ea t  
hoop compressions as unknowns d i r e c t l y  and u s e  t h e s e  and h o o p .  
r e l a t i o n s  i n  determ'ining hoop c a n t i l e v e r  d e f l e c t i o n s .  The 
f o r c e s  e x e r t e d  by t h e  hoop u s i n g  t h e s e  c a l c u l a t e d  d e f l e c t i o n s  
d i E e r  from those  i n  r e a l i t y .  This ,  then ,  i s  t h e  second i m -  
p o r t a n t  assumption which would render  t h e  equa t ions  so lvab le .  

-~ ~ 

A proof of a n a l y s i s  p r i n c i p l e  w a s  f i r s t  t r i e d  w i t h  a modif ied 
Newton's method of so lu t ion .  
t i o n s  and 11 unknowns s i n c e  only  h a l f  of t h e  wheel was  analyzed 
(normal' d e f l e c t i o n s  on r i m  element 1 permi t  t h e  u s e  of symmetry). 
F a i l u r e  of t h i s  method t o  converge introduced t h e  F u l l  Newton's 
Method. In  t h i s  i n s t a n c e  t h e  equa t ions  convered and work w a s  
s t a r t e d  on t h e  8-spoke ana lys i s .  A f t e r  a long debugging per iod  
t h i s  program a l s o  worked. 

In t h i s  case t h e r e  w e r e  11 equa- 

Beginning i n  October work began on t h e  N-spoke gene ra l i zed  
program. The N-spoke program analyzes  t h e  e n t - i r e  wheel. and 
enables  t h e  des igne r  t o  c o n t r o l  t h e  fo l lowing  v a r i a b l e s :  hoop 
normal s p r i n g  c o n s t a n t ,  hoop t r a n s v e r s e  s p r i n g  c o n s t a n t ,  number 
of  hoops, hoop and hub diameters ,  and thus  wheel diameter .  In 
a d d i t i o n ,  any combination of l oad ing  f o r c e s  can  be app l i ed  t o  t h e  
r i m .  The output  of t h e  program can be used t o  s tudy  t h e  stresses 
i n  t h e  h inges  and o t h e r  f a s t en ings ,  determine t h e  e f f e c t  of wheel 
dimensions on t h e  f o o t p r i n t  and i t s  a s s o c i a t e d  p r e s s u r e  d i s t r i -  
bu t ion ,  and opt imize t h e  number of spokes.  De ta i l ed  d e s c r i p t i o n s  
of t h e  mathematical  a n a l y s i s  and computer programs used f o r  wheel 
des ign  may b e  found i n  Reference 4. 

Task A.2.d. Ful l -S ized  Wheel Pro to type  

The a n a l y s i s  program w a s  used t o  determine t h e  necessa ry  dimen- 
s i o n s  f o r  t h e  f u l l - s i z e  hoops. Hard temper (Rockwell 48c - 51c) 
s p r i n g  s t ee l ,  0.072 inch  t h i c k ,  y i e l d e d  a hoop width  of .1.500 
inches  and a hoop r a d i u s  of 7.705 inches.  The corresponding 
s p r i n g  c o n s t a n t s  f o r  t h e  s t ee l  hoops were as fo l lows:  

90.15 pounds p e r  inch  i n  the  normal d i r e c t i o n ,  
25.67 pounds p e r  i nch  i n  the  t r a n s v e r s e  d i r e c t i o n ,  and 
17.11 pounds p e r  inch  i n  t h e  l a t e ra l  d i r e c t i o n .  

S t ronger ,  lower weight t i t an ium of .078 inch t h i c k n e s s  y i e l d e d  
a wid th  of 1.75 and a hoop r a d i u s  of 4 .3  inches .  The c o r r e s -  
ponding s p r i n g  c o n s t a n t s  were, respec t ive] -y  as b e f o r e ,  90.55, 
26.11, and 17.18 pounds per  inch. However, due t o  t h e  lower 
c o s t  and a v a i l a b i l i t y ,  the  s p r i n g  s t e e l  w a s  chosen f o r  t h e  f i r s t  
p ro to type ,  shown i n  Figure 19. The assembled p ro to type  provided 
t h e  d e s i r e d  wheel s p r i n g  cons tan t .  
t aken  t o  t h e  U.S. Army Waterways Experiment S t a t i o n  (W.E.S.) i n  

The completed wheel w a s  
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Vicksburg, M i s s i s s i p p i ,  t o  d i s c u s s  and observe t h e  t e s t i n g  
of p r e s e n t  l una r  rove r  wheel des igns ,  and t o  formula te  a test- 
i n g  program f o r  t h e  R.P.I. t o r o i d a l  wheel design. Engineers  
t h e r e  expressed an i n t e r e s t  i n  t e s t i n g  t h e  R.P.I. when t h e  de- 
s i g n  i s  optimized nex t  spr ing.  To o b t a i n  o b j e c t i v e  r e s u l t s  it 
w a s  suggested t h a t  N.A.S .A .  c o n t a c t  w i t h  W.E.S. d i r e c t l y  a t  
t h a t  stage of  t h e  wheel development. A more d e t a i l e d  d e s c r i p -  
t i o n  of t h e  f u l l - s i z e  wheel des ign  may b e  obta ined  from Refer- 
ence 4 .  

Task A.2.e. Hinge Design 

The th ree -p iece  mechanical h inge  used f o r  t h e  s m a l l  model 
wheels were inadequate  f o r  use  on a f u l l - s i z e  wheel due t o  t h e  
p o s s i b i l i t y  of contaminat ion dur ing  t e s t i n g .  
would b e  much more troublesome on t h e  a c t u a l  v e h i c l e  due t o  
t h e  low p r e s s u r e  environment which would tend t o  remove pro- 
tect ive l u b r i c a t i o n .  One s o l u t i o n  t o  t h i s  problem is  t o  r e p l a c e  
t h e  mechanical h inge  w i t h  a one-piece f l e x u r a l  element as shown 
i n  F igure  22. 
h inge  w i t h  an encapsula t ing  s h e l l  o r  boot ,  as shown i n  F igure  23. 
The f i r s t  method w a s  chosen because t h e  i n t e g r a l  h inge  provided 
f l e x i b i l i t y  on two perpendicular  axes, a u s e f u l  f e a t u r e  f o r  a 
good wheel f o o t p r i n t  on s ide-s lopes .  Polyurethane w a s  s e l e c t e d  
f o r  use  on t h e  f i r s t  f u l l - s i z e  wheel pro to type  i n  o rde r  t o  
demonstrate  t h e  in tegra l  h inge  concept i n  l abora to ry  ope ra t ing  
cond i t ions .  Thus, such Martian cond i t ions  as temperature  ex- 
tremes were no t  considered.  A stress a n a l y s i s  of t h e  h inge  
des ign  was  made t o  a l low t h e  minimum weight des ign ,  s i n c e  t h e r e  
could b e  approximately 64 hinges  i n  t h e  v e h i c l e ' s  f o u r  wheels. 

This  problem 

Another approach would be  t o  p r o t e c t  t h e  mechanical  

A minimum weight mechanical h inge  w a s  a l s o  designed,  and f a b r i c a -  
t e d  from Del r in ,  a nylon d e r i v a t i v e .  To determine t h e  f a t i g u e  
l i f e  of bo th  t h e  i n t e g r a l  and mechanical h inges ,  a h inge  t e s t i n g  
machine was designed and cons t ruc t ed ,  as shown i n  F igu re  24.. The 
frequency and ang le  of f l e x u r e  can b e  v a r i e d ,  and t h e  tes t  h inge  
can  be  loaded i n  e i t h e r  compression o r  t ens ion .  A 3,000,000 f o o t  
journey of t h e  v e h i c l e  can b e  s imulated by 400,000 f l e x e s .  T e s t  
h inges  have a l l  withstood t h i s  d u r a t i o n ,  f i r s t  a t  125 pounds com- 
p r e s s i o n  and then a t  70 pounds tens ion .  Future  tes ts  are planned 
t o  determine t h e  amount of c r eep  i n  t h e  hinge f o r  t h e  above test .  

Task A . 3 .  Vehicle  S t e e r i n g  Control  System - R. Koehler, D. Rosenthal  
Facul ty  Advisor:  Prof. G. N.  Sandor 

The o b j e c t i v e  of t h i s  t a sk  i s  t h e  des ign  and c o n s t r u c t i o n  of a steer- 
i n g  c o n t r o l  system f o r  t h e  Mars Roving Vehicle  d y n a m i c  s imula t ion  model. 

The system can b e  d iv ided  i n t o  two sub-systems. F i r s t ,  a rear wheel 
d i f f e r e n t i a l  d r i v e  sub-system i s  needed t o  main ta in  t h e  proper  speed 
r a t i o  between t h e  rear wheels wh i l e  t h e  v e h i c l e  i s  tu rn ing .  Second, a 
main s t e e r i n g  c o n t r o l  sub-system i s  r equ i r ed  t o  r e g u l a t e  t h e  t u r n i n g  
ang le  of t h e  veh ic l e .  
a x l e  system connect ing bo th  f r o n t  wheels p i v o t s  about  i t s  mid-point.  

The v e h i c l e  employs wagon s t e e r i n g ,  i .e . ,  a one- 
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Presen t ly  t h e r e  i s  a manually r e g u l a t e d  power supply t o  c o n t r o l  t h e  
on-board s t e e r i n g  motor which t u r n s  t h e  f r o n t  ax le .  It i s  d e s i r e d  
t o  have a s t e e r i n g  c o n t r o l  f o r  t h e  ope ra to r  t o  t u r n  which would 
a c t u a t e  t h e  v e h i c l e  s t e e r i n g  through a cont inuous feedback system. 

Task A.3.a.  D i f f e r e n t i a l  Drive Control  

A geometr ic  a n a l y s i s  of t h e  t u r n i n g  ope ra t ion  is  necessa ry  
t o  f u r t h e r  s p e c i f y - t h e  requirements of t h e  rear wheel d i f -  
f e r e n t i a l  d r i v e .  To prevent  t h e  wheels from s c u f f i n g  as t h e  
f r o n t  axle t u r n s ,  t h e  appropr i a t e  rear wheel remains a t  t h e  
nominal speed wh i l e  d e c e l e r a t i n g  t h e  inne r  rear wheel t o  a 
f r a c t i o n a l  r a t i o  of t h e  nominal speed. The r a t i o  of t h e  speeds 
i s  equ iva len t  t o  t h e  r a t i o  of t h e  tu rn ing  r a d i i ,  r x  and ry, 
de f ined  i n  t h e  top  view of t h e  model, Figure 25. From geo- 
metrical a n a l y s i s  t h i s  r a t i o  i s  

L co t  0 - w/2 
L c o t  e -I- w/2 v =  r 

where L and W a r e  t h e  length  and wid th  of t h e  v e h i c l e ,  and 8 
i s  t h e  t u r n i n g  angle .  
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This  func t ion  i s  p l o t t e d  i n  each of t h e  f o u r  phases  of t u rn -  
i ng ,  F igure  26; t h e  rear rear wheel s ta r t s  t o  slow down i n  
Phase I1 as a r i g h t  t u r n  ( p o s i t i v e  e) i s  i n i t i a t e d .  When 8 
reaches  6 4 O ,  rx i s  ze ro  and t h e  r i g h t  wheel i s  s topped.  A t  
90° t h e  r i g h t  wheel is at  f u l l  reverse speed and t h e  l e f t  
wheel remains a t  f u l l  forward speed. Continuing i n t o  Phase I, 
t h e  l e f t  wheel dece le ra t e s  wh i l e  t h e  r i g h t  remains a t  f u l l  re- 
verse speed. A similar d e s c r i p t i o n  holds  f o r  l e f t  t u r n s .  Thus 
t h e  t u r n i n g  angle  v a r i e s  over  a f u l l  360' range. 

The v e h i c l e  i s  dr iven  by i t s  rear wheels,  each having i t s  own 
motor. These motors w i l l  b e  mounted i n  t h e  hub of t h e  wheels 
on t h e  f u l l  s i z e  v e h i c l e ,  a l though they  are  c u r r e n t l y  loca t ed  
i n  t h e  payload s e c t i o n  of t h i s  model f o r  proper  weight  d i s t r i -  
bu t ion .  Thus, a p u r e l y  mechanical d i f f e r e n t i a l  i s  imprac t i ca l .  
Also ,  weight and space  r e s t r i c t i o n s  f o r  proper  dynamic,simula- 
t i o n  of t h e  v e h i c l e  prevents  a d d i t i o n a l  on-board equipment. A 
remote s t a t i o n  w i l l  then  d i r e c t l y  supply t h e  power t o  t h e  motors 
through t h e  e x i s t i n g  connect ing cab le .  

The rear wheel d i f f e r e n t i a l  d r i v e  sub-system i s  shown i n  i t s  
b lock  diagram, F igure  27. A po ten t iometer  a t t a c h e d  t o  t h e  
s t e e r i n g  motor on t h e  v e h i c l e  f e e d s  a s ignal  i n d i c a t i n g  t h e  
t u r n i n g  angle  t o  t h e  c o n t r o l  c i r c u i t .  

The f u n c t i o n a l  r e l a t i o n s h i p  between t h e  t u r n i n g  angle  and t h e  
rear wheel speed i s  approximated by a p i ecewise - l inea r ,  diode-  

t o  permi t  u se  of a s i n g l e  func t ion -gene ra t ing  c i r c u i t  f o r  a l l  
f o u r  phases .  

U resister c i r c u i t .  A l og ic  swi tch ing  c i r c u i t  has  been designed 
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S i l i c o n  c o n t r o l  r e c t i f i e r  (SCR) c i r c u i t s  were c o n s t r u c t e d  t o  
o p e r a t e  t h e  d r i v e  motors from t h e  output  of t h e  func t ion -  
gene ra t ing  c i r c u i t .  
c i r c u i t  d i d  no t  perform properly.  There was a l a r g e  deadband 
when r e v e r s i n g  t h e  d i r e c t i o n  of t h e  d r i v e  motors.  And, since 
t h e  SCR c o n t r o l  uses  only a p o r t i o n  of an a l t e r n a t i n g  c u r r e n t ,  
a t  slow speeds t h e  geared-down d r i v e  motors reached a speed a t  
which t h e  i n t e r n a l  mechanical backlash  permi t ted  excess  v ib ra -  
t ion .  

However, upon t e s t i n g  t h e  SCR c o n t r o l  

Therefore ,  a s o l i d - s t a t e  power ampl i fy ing  c i r c u i t  was designed 
which, upon t e s t i n g ,  e l imina ted  t h e  above problems. However, 
e l e c t r o n i c  element parameters v a r i e d  w i t h  head bui ld-up  as t h e  
system opera ted  d i s t o r t i n g  t h e  d e s i r e d  t u r n i n g  func t ion .  This  
i s  p r e s e n t l y  being s tudied  and i s  expected t o  be  reso lved  du r ing  
t h e  f i r s t  p a r t  of t h e  next  per iod .  

Task A.3.b. S t e e r i n g  Control  Sub-system 

The a c t u a l  t u r n i n g  of t h e  v e h i c l e  i s  r egu la t ed  by t h e  main 
s t e e r i n g  c o n t r o l  sub-system. It i s  e s s e n t i a l l y  an e r r o r  co r -  
r e c t i n g  feedback system with a h igh  ga in  on t h e  e r r o r ,  F igure  
28. A manually opera ted  s t e e r i n g  wheel i s  connected t o  a 
poten t iometer  producing a s i g n a l  p r o p o r t i o n a l  t o  t h e  d e s i r e d  
t u r n i n g  angle.  The signal from t h e  poten t iometer  on t h e  steer- 
i n g  motor,  i n d i c a t i n g  t h e  a c t u a l  t u rn ing  angle  and which i s  f e d  
t o  t h e  servo-motor, i s  a l s o  f e d  back t o  a d i f f e r e n c e  a m p l i f i e r .  
The two s i g n a l s  are compared and t h e  r e s u l t a n t  e r r o r  signal i s  
f e d  t o  a power a m p l i f i e r  with a t r a n s f e r  func t ion  as shown i n  
t h e  b lock  diagram. This  power a m p l i f i e r  then  d r i v e s  t h e  steer- 
i n g  motor. It develops f u l l  power f o r  small angle  changes so 
t h a t  o b s t a c l e s  may be  overcome. 

The s t e e r i n g  c o n t r o l  system i s  e a s i l y  adap tab le  t o  t h e  3-wheel 
mode, i .e . ,  t h e  contingency mode i n  which t h e  v e h i c l e  t i l t s  
back onto a f i f t h  wheel in t h e  rear p i v o t i n g  t h e  f r o n t  wheels  
o f f  t h e  ground. By throwing a swi tch ,  t h e  s i g n a l  from t h e  
s t e e r i n g  wheel can be  f e d  d i r e c t l y  t o  t h e  servo-motor system 
which c o n t r o l s  t he  tu rn ing  of  t h e  rear wheels.  
s t e e r i n g  would be  disengaged by t h e  same switch.  

The f r o n t  a x l e  

The o r i g i n a l  des ign  of the main s t e e r i n g  c o n t r o l  system c a l l e d  
for use  of a r e l a y  in s t ead  of a power a m p l i f i e r  t o  provide f u l l  
power f o r  a s m a l l  e r r o r  s o  t h a t  o b s t a c l e s  may be overcome f o r  
s m a l l  t u r n i n g  ang le  changes. However, t h i s  would r e s u l t  i n  s m a l l  
c h a t t e r i n g  motion and, i n  some cases, i n s t a b i l i t y .  The power 
a m p l i f i e r  h a s  n e a r l y  the same t r a n s f e r  f u n c t i o n  as a r e l a y ,  b u t  
a f f o r d s  s t a b i l i t y  as w e l l  as a f a s t  response t i m e .  

A t  t h e  completion of t h i s  t a s k ,  an o f f - v e h i c l e  system w i l l  b e  
working t h a t  a f f o r d s  t h e  v e h i c l e  model 's  ope ra to r  two main con- 
t r o l s :  a s t e e r i n g  wheel f o r  t u r n i n g  and a knob f o r  c o n t r o l l i n g  
t h e  v e h i c l e ' s  o v e r - a l l  speed. On t h e  a c t u a l  v e h i c l e ,  on-board 
computer l o g i c  would input  t h e s e  c o n t r o l s  t o  t h e  on-board c o n t r o l  
system. 
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Task B. Systems Analys is  - John Baker, Alan Goldberg, Carl Pava r in i ,  
Niles Van Denburg 
Facu l ty  Advisor:  Prof .  E. J. Smith 

The o b j e c t i v e  of t h i s  t a sk  i s  t o  develop a framework w i t h i n  which 
v e h i c l e  des ign  d e c i s i o n s  involving c o n f l i c t i n g  requirements  can be  hade. 
Analys is  r equ i r ed  t h e  i d e n t i f i c a t i o n  of t h e  system model and t h e  formula t ion  
of a method t o  examine design t r ade -o f f s  by u t i l i z i n g  t h e  model. 
f o r  t h e  academic y e a r  included de termina t ion  of bo th  methodology and t h e  
system model s u b j e c t  t o  a number of s impl i fy ing  assumptions.  
gram which i d e n t i f i e s  t h e  opt imal  system des ign  ( sub jec t  t o  t h e  assumptions)  
h a s  been w r i t t e n .  
program. 

Progress  

A computer pro- 

The p resen t  e f f o r t  i s  d i r e c t e d  toward implementing t h e  

Progress  achieved i s  descr ibed i n  d e t a i l  under t h e  f o u r  fo l lowing  
s e c t i o n s :  1) An.Overview of t h e  Approach, 2) Method of Optimizat ion,  3 )  Sub- 
system Modeling, and 4 )  System Modeling and opt imiza t ion .  F i n a l l y ,  a p ro jec -  
t i o n  of  ac t iv i t ies  f o r  t h e  next  per iod i s  included.  

1. An Overview of t h e  Approach 

Design, i n  t h e  systems sense,  i s  t h e  process  of s p e c i f y i n g  t h e  
informat ion  r equ i r ed  by subsystem des igne r s .  This  in format ion  con- 
s i s t s  of t h e  ope ra t ing  requircinents t o  b e  net by t h e  subsystem, and 
a l l  c o n s t r a i n t s  under  which t h e  des igne r  must work. For t h e  des igner  
of  a communications subsystem, such inpu t s  might be t h a t  a pulse-code 
modulated subsystem capable  of "x" d a t a  r a t e ,  n o t  t o  exceed "y" 
weight ,  and l i m i t e d  t o  drawing "z" w a t t s  i s  needed. 

Systems a n a l y s i s  i s  t h e  t a s k  of determining t h e  opt imal  system 
des ign .  Required by t h i s  d e f i n i t i o n ,  i s  t h e  examination of a l l  t h e  
des ign  t r a d e - o f f s  i n  t h e  context  of t h e i r  e f f e c t  upon t h e  ope ra t ion  
of  t h e  system. For  a system of n o n - t r i v i a l  s i z e ,  t h e  system des ign  
i s  composed of many parameters and c o n s t r a i n t s ,  t h e  i n t e r r e l a t i o n s h i p s  
of  t h e  parameters  may b e  complex, and i t  i s  necessary  t o  c o n s i d e r . a l 1  
of t h e  parameters  and c o n s t r a i n t s  concur ren t ly .  

The t a s k  of op t imiza t ion  impl i e s  t h e  use  of a mathematical  model 
of t h e  system. It i s  i n f e a s i b l e  t o  expect  t o  be a b l e  t o  f o r c e  t h e  
model t o  inc lude  a l l  of t h e  poss ib l e  des ign  v a r i a t i o n s .  It becomes 
necessa ry  then ,  t o  make c e r t a i n  assumptions about  t h e  system and sub- 
'system conf igu ra t ions .  This in  t u r n  means t h a t  op t imiza t ion  wi th  
r e s p e c t  t o  a s i n g l e  model i s  not t h e  end product  of systems a n a l y s i s  
simply because t h e r e  a r e  probably o t h e r  des ign  a l t e r n a t i v e s  n o t  in -  
c luded  i n  t h e  model. To claim t h a t  t h e  system des ign  i s  indeed o p t i -  
mal,  it i s  necessary  t o  cons ider  t h e  models corresponding t o  t h e  se t  
o f  a l l  p o s s i b l e  assumptions. 

The sea rch  f o r  t h e  optimum a l s o  i m p l i e s  t h a t  t h e r e  i s  a s tandard  
by which t h e  system q u a l i t y  can be  measured. 
o b j e c t i v e  func t ion )  may o r  may n o t  be unique. 
measures  how w e l l  the system i s  f u l f i l l i n g  i t s  purpose.  I f  t h e r e  are  
alternate ways of desc r ib ing  how w e l l  t h e  system performs, t h e s e  too  
are i n p u t s  t o  t h e  opt imiza t ion  p rocess  and must b e  s e p a r a t e l y  cons idered .  

This  "objec t ive"  (o r  
General ly ,  t h e  o b j e c t i v e  
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In a d d i t i o n  t h e r e  are assumptions t h a t  must b e  made about  e x t e r n a l  
c o n s t r a i n t s  ( funding,  development of new technologies ,  t i m e  c o n s t r a i n t s ,  ...) 
which may n o t  b e  completely d e t e r m i n i s t i c .  

The many p o s s i b l e  combinations of des ign  assumptions,  o b j e c t i v e s ,  
and e x t e r n a l  c o n s t r a i n t s  make system op t imiza t ion  an i terat ive p rocess  
i n  t h e  sense  t h a t  t h e  problemmust  be  run  f o r  many sets of i n p u t s  b e f o r e  
conf idence  i n  t h e  v a l i d i t y  of t h e  optimum i s  obta ined .  Schemat ica l ly ,  
t h e  i n p u t s  t o  a s i n g l e  run of t h e  op t imiza t ion  can b e  r ep resen ted  by 
F igu re  29,where now, f o r  a roving v e h i c l e ,  miss ion  g o a l s  are t h e  d e t e r -  
mining f a c t o r s  i n  formula t ing  t h e  system o b j e c t i v e .  

2. Method of Optimization 

I n  an  a t tempt  t o  i d e n t i f y  and cons ide r  a l l  p o s s i b l e  system des igns  
f o r  a given set of assumptions,  t h e  op t imiza t ion  process  c o n s i s t s  of  
t h r e e  p a r t s :  

a )  formula t ion  of a mathematical  inodel of t h e  system 
( i d e n t i f i c a t i o n  of c o n s t r a i n t s ) ,  

de te rmina t ion  of t h e  o b j e c t i v e  func t ion  i n  terms of 
t h e  model v a r i a b l e s ,  and 

imbedding t h e  problem i n  t h e  n o n l i n e a r  programming 
format and l o c a t i n g  t h e  optimum. 

The n o n l i n e a r  p rograming  (NLP) problem i s  : 

ex t r e m i  z e 

(max o r  min) 

s u b j e c t  t o  gi(Q 3 0 i = 1 ,2 ,  ...., m 

hi(%) ,=  0 i = m + l , .  ..., k 

f (Q 

i s  an  n-vec tor  of t he  va r i . ab l e s  t o  be chosen by t h e  opt imiza-  

Unless t h e  s o l u t i o n  i s  unique (implying t h a t  t h e r e  i s  only one 
%e f ,  gi '  s and h i ' s  a r e  a l l  s c a l a r  f u n c t i o n s  of t h e  components 

of 5. 
way t h e  system can be designed) or does n o t  e x i s t ,  it i s  necessary  t h a t  
t h e  number of e q u a l i t y  c o n s t r a i n t s  be less than  t h e  number of v a r i a b l e s  
( i . e . ,  k-m n ) .  

The NLP problem i s  a n a t u r a l  way t o  d e s c r i b e  t h e  problem of 
opt imal  system design.  I f  t he  system des ign  can be  formulated as t h e  
s e t t i n g  of n des ign  parameters ,  then  f ( 5 )  becomes t h e  o b j e c t i v e  func-  
t i o n  p rev ious ly  d iscussed .  
i n  number) r e p r e s e n t  t h e  phys ica l  and e x t e r n a l  c o n s t r a i n t s  placed upon 
t h e  cho ice  of  t h e  n v a r i a b l e s .  

In a d d i t i o n ,  t h e  si and h i  func t ions  (k 

The modeling process  i s  t h e  de te rmina t ion  of what t h e  n v a r i a b l e s  
( t h e  x ' s )  are, and what r e l a t i o n s h i p s  t h e r e  must be between them ( t h e  
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g i ' s  and h i ' s )  i n  o r d e r  f o r  t he  system des ign  t o  be  bo th  r e a l i z a b l e  
and t o  meet any o u t s i d e  c o n s t r a i n t s  upon i t .  Suppose t h e  r e s u l t s  of 
modeling t h e  system y i e l d  n v a r i a b l e s  of t h e  system des ign ,  q in-  
e q u a l i t y  c o n s t r a i n t s ,  and r e q u a l i t y  r e l a t i o n s h i p s  of t h e  v a r i a b l e s .  
It i s  then  g e n e r a l l y  p o s s i b l e  (assuming no t r anscenden ta l  equa t ions )  
to u s e  t h e  r e q u a l i t i e s  t o  e l i m i n a t e  r of t h e  n v a r i a b l e s  bo th  i n  
f ( x  ) and i n  t h e  g i ( 3 )  i=1,2,  . . . ,q  y i e l d i n g  a t ransformed o b j e c t i v e  
E f z 3 - r ) ]  q i n e q u a l i t y .  c o n s t r a i n t s  of n - r  v a r i a b l e s ,  and no e q u a l i t y  
c o n s t r a i n t s .  I f  r '  of t h e  r e q u a l i t i e s  are t r anscenden ta l  ( i . e . J  n o t  
a l g e b r a i c a l l y  s o l v a b l e ) ,  t h e  number of v a r i a b l e s  can be  reduced t o  n - r + r ' ,  
and t h e r e  remain r '  e q u a l i t y  c o n s t r a i n t s .  C a l l  t h e  reduced set of vari-  
a b l e s  states. 
s ta tes)  i s  n - r+ r ' .  The o rde r  r e p r e s e n t s  t h e  number of dependent dec i -  
s i o n s  t h a t  must b e  made by t h e  op t imiza t ion  p rocess ,  and g ives  some i d e a  
as to t h e  complexity of t h e  optimal system des ign  problem f o r  a p a r t i c u l a r  
system. Note t h a t  t h e  set  of s ta tes  i s  n o t  unique, because t h e  r-r' 
v a r i a b l e s  t h a t  can be e l imina ted  are l ikewise  n o t  unique. 

Then the  o r d e r  of t h e  system des ign  problem (number of 

It i s  n o t  necessary  t o  e l imina te  a l l ,  o r  f o r  t h a t  matter any, of 
t h e  r-r '  v a r i a b l e s .  While reducing t h e  o r d e r  of t h e  problem would seem 
t o  s i m p l i f y  t h e  op t imiza t ion ,  t h i s  i s  n o t  always t h e  case. In  t h e  NLP 
s o l u t i o n ,  t h e  p a r t i a l  d e r i v a t i v e s  of a l l  t h e  scalar f u n c t i o n s  must be  
taken  w i t h  respect t o  each of t he  unel iminated v a r i a b l e s ,  Reference 6 .  
I f  t h e  form of some of t h e  h i ' s  i s  not  s u f f i c i e n t l y  s i m p l e ,  s u b s t i t u t i o n  

Thus, it 
should remain t h e  d e s i g n e r ' s  op t ion  t o  u t i l i z e  t h e  s u b s t i t u t i o n  pro- 
cedure  f o r  each of t h e  i n e q u a l i t i e s .  

' u s i n g  t h e s e  e q u a l i t i e s  may serve  t o  complicate t h e  s o l u t i o n .  

F igu re  30 shows t h e  modeling and op t imiza t ion  process  f o r  a set of 
The method of NLP assumptions.  Boxes 1 through 4 have been d iscussed .  

s o l u t i o n  w i l l  be  d iscussed  l a t e r .  The "optimum" output  i s  i n  quotes  
because  it i s  optimum only wi th  r e s p e c t  t o  t h e  v a l i d i t y  of t h e  inpu t  
assumptions.  The i t e r a t i o n  i s  w i t h  r e s p e c t  t o  changes i n  t h e s e  inpu t s .  

3.  Subsystem Modeling 

In o r d e r  t o  b e s t  convey t h e  meaning of t h e  t e r m  "subsystem model- 
ing",  a f a i r l y  d e t a i l e d  explana t ion  of t h e  modeling f o r  one of t h e  
subsystems (communications) w i l l  be  given. 
modeling r e s u l t s  i s  presented  i n  Table  4 .  

Then, a synops is  of a l l  t h e  

A .  Subsystem Modeling Example 

The Earth/Mars communication subsystem w a s  modeled as a 
d i r e c t  two way l i n k  i n  t h e  microwave spectrum between a 
Mars ttoving v e h i c l e  (MRV) and an Ea r th  communication s t a t i o n .  
A number of such models, w i t h  a p p r o p r i a t e  f i x e d  parameters ,  
would b e  r equ i r ed  t o  desc r ibe  t h e  p o s s i b l e  r e l a y  conf igura-  
t i o n s  which might b e  used. 

The communication l i n k  i s  d iv ided  i n t o  an up l ink  t o  Mars 
and a downlink back t o  Earth.  Uplink parameters  a s s o c i a t e d  
w i t h  t h e  rove r  were found t o  be  n e g l i g i b l e  i n  comparison t o  
similar downlink parameters ,  and were thus  n o t  cons idered  
d i r e c t l y  . 
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The downlink i s  composed of t h e  s p a c e c r a f t  transmitter, a 
h igh  ga in  p a r a b o l i c  d i s h  an tenna ,  a s tandby low g a i n  omnidi- 
r e c t i o n a l  antenna,  a f r e e  space propagat ion pa th ,  a h igh  
g a i n  p a r a b o l i c  d i s h  rece iv ing  antenna,  and an u l t r a  low n o i s e  
receiver, as shown i n  Figure 31. 

The f i r s t  s t e p  i n  t h e  modeling t a s k  w a s  t o  d e s c r i b e  t h e  sub- 
system mathematica-lly i n  terms of l i n k  parameters.  The l i s t  
of parameters  of i n t e r e s t  i n  modeling t h e  l i n k  is  g iven  in  
Table 4 .  The parameters  can be  d iv ided  i n t o  two classes: 
those  which are f ixed  by n a t u r e ,  s ta te  of t h e  a r t ,  o r  con- 
s t r a i n t s ;  and those  which are des ign  dependent,  and t h e r e f o r e  
a f u n c t i o n  of t h e  des ign  d e c i s i o n s  made (e.g. l i n k  d i s t a n c e  
i s  f i x e d  by n a t u r e ,  t r a n s m i t t e r  e f f i c i e n c y  is  f i x e d  by t h e  
s t a t e  of t h e  art!. However, d a t a  rate i s  f r e e  t o  vary  over 
some range,  as a func t ion  of t h e  des ign  chosen t o  implement 
t h e  l i n k .  

Before proceeding f u r t h e r ,  i t  w a s  necessary  t o  make assump- 
t i o n s  t o  s p e c i f y  t h e  f ixed  parameters  and c o n s t r a i n  t h e  model 
s u f f i c i e n t l y  t o  a l low ana lys i s :  

1. 

2. 

3. 

4 .  

5. 

6 .  

7. 

8. 

The 

The car r ie r  i s  X-band microwaves of wavelength 
3 . 3  x lo-* meters, which have been shown t o  b e  
e s p e c i a l l y  w e l l  s u i t e d  f o r  h igh  spccd communica- 
t i o n s  a t  Mars d i s t a n c e s ,  Reference 7. 

The ground s t a t i o n  antenna i s  a 64 meter pa rabo l i c  
d i s h ,  Reference 8. 

The rove r  antenna i s  a p a r a b o l i c  d i s h  wi th  a po in t -  
i ng  e r r o r  of 1'. 

Uplink parameters a re  n e g l i g i b l e .  

The o v e r a l l  r . f .  e f f i c i e n c y  of t h e  t r a n s m i t t e r  i s  
20%. This  f i g u r e  i s  ob ta ined  from a 25% TWT e f f i c i -  

9. 
- 

ency and a ve ry  low e x c i t e r  e f f i c i e n c y ,  Reference 

The wors t  c a s e  l i n k  d i s t a n c e  of 5.7 x 10" meters 
used. 

i s  

T o t a l  equ iva len t  no ise  temperature  f o r  t h e  receiv ng 
system on Ear th  i s  the  sum of t h e  g a l a c t i c  and re- 
ceiver n o i s e  temperatures ,  and was assumed t o  be  30°K, 
Reference 10. 

The communication e f f i c i e n c y ,  a measure of t h e  a b i l i t y  
of a glven modulation scheme t o  overcome a d d i t i v e  
channel  n o i s e ,  i s  5%. This  corresponds t o  a 2 0 : l  
s i g n a l  t o  n o i s e  r a t i o  i n  a t y p i c a l  PCM system, Refer- 
ence  11. 

above assumptions spec i fy  many of t h e  o r i g i n a l  l i s t  of 
parameters .  To f u r t h e r  reduce t h e  number of unspec i f i ed  
parameters ,  equa t ions  r e l a t i n g  t h e  v a r i o u s  parameters  can 
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PARAMETER 
* - -  

Data Rate 

R.F. Power Output 

R. F. Ef f ic iency 

Power Input 

Rover Antenna Diameter 

Rover Antenna Pointing Error 

Carrier Wavelength 

Weight (Mass) 

Volume 

Heat Dissipation 

Link Distance 

Noise Temperature 

Receiver Antenna Diameter 

Communication Efficiency 

SYMBOL 

R 

Pt 

e 

pi 

A0 

D 

wC 

vC 

Qc 

L 

T 

Dr 

COMMUN ICAT ION SUBSYSTEM : 
DOWNLINK PARAMETER LIST 

TABLE 4 .  
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UNITS 

bitslsec 

watts 

----- 
watts 

meters 

degrees 

meters 

cubic meters 

watts 

meters 

K 
0 

meters 
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be found. 

1. 

2. 

3.  

4 .  

A t  

Conservat ion of energy a l lows  two equa t ions  t o  b e  
w r i t  t en .  

. P t = e P  i 

Q, = ( l -e)Pi  

Subsystem weight w a s  ob ta ined  as a func t ion  of 
power inpu t  a lone  from d a t a  a s s o c i a t e d  w i t h  v a r i o u s  
p r e d i c t i o n  e f f o r t s  i n  Mars communication, as shown 
i n  F igure  32, Reference 12. 

From t h e  d a t a ,  a r e l a t i o n s h i p  of t h e  form 

W = aP. + b 
C 1 

i s  found t o  approximate t h e  f u n c t i o n a l i t y .  

expressed i n  w a t t s  and W expressed i n  Kg, t h e  con- 
s t a n t s  were found t o  be  

For Pi 

C 

a = 0.59 kg/watt  and b = 34.0 kg. 

S i m i l a r l y ,  volume was found t o  be r e l a t e d  t o  power 
inpu t  i n  a l i k e  manner. The f u n c t i o n a l i t y  was found 
t o  b e  approximately l i n e a r ,  Reference '12. 

3 
Vc = 8.3 x 10-4Pi + 4.8 x meter  

The weight of t h e  antenna and i t s  a s s o c i a t e d  s t e e r i n g  
motors w a s  estimated t o  be  a func t ion  of antenna d i a -  
m e t e r ,  D, i n  meters, as: 

2 
= 2.0 D c 5.0 kg, Reference 13. 'ant 

t h i s  p o i n t ,  i t  was noted t h a t  t h e r e  remain only t h r e e  of 
t h e  o r i g i n a l  parameters in  Table 4 which have n o t  been e i t h e r  
s p e c i f i e d  by assumption o r  r e l a t e d  t o  ano the r  s p e c i f i e d  para-  
meter by t h e  s impl i fy ing  equat ions  i d e n t i f i e d  above: R,  P .  
and D. In  o t h e r  words, a knowledge of t h e s e  t h r e e  parameters  
a lone  w i l l ,  i n  t he  l i g h t  of t h e  b a s i c  assumptions l i s t e d ,  com- 
p l e t e l y  s p e c i f y  a l l  of the parameters  i d e n t i f i e d  a t  t h e  be- 
ginning of t h e  modeling t a sk  as being necessary  t o  uniquely  
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d e s c r i b e  t h e  e n t i r e  subsystem. Given t h e s e  t h r e e  parameters ,  
a subsystem could b e  b u i l t .  However, no t  every subsystem 
would s a t i s f y  t h e  requirements which t h i s  subsystem i s  be ing  
asked t o  s a t i s f y .  
t h e s e  parameters w i l l  produce a s a t i s f a c t o r y  subsystem. There 
must e x i s t  another  equation which w i l l  provide a r e l a t i o n s h i p  
which t h e  d e f i n i n g  parameters must s a t i s f y .  The sought af ter  
e x t r a  equat ion i s  t h e  c l a s s i c  range equat ion f o r  a n o i s y  
channel. 

In o the r  words, n o t  any random cho ice  of 

For a s u c c e s s f u l  subsystem, t h e  s i g n a l  power received on 
Ea r th  must be  s u f f i c i e n t l y  l a r g e  t o  overcome t h e  no i se .  
received power i s  given by 

The 

P = P G L G  r t t p r  ' 

where 

P i s  received signal power, 

P i s  t r ansmi t t ed  s i g n a l  power, 

G i s  t r a n s m i t t i n g  antenna gain,  

L i s  t h e  space l o s s  a t t e n u a t i o n ,  

r 

t 

t 

P 
and 

* G i s  t h e  r e c e i v i n g  antenna gain.  r 

S u b s t i t u t i n g  known parameters,  f o r  P 

i n  meters, t h e  received power i s  found t o  b e  

and Pi i n  w a t t s ,  D r 

-19 2 P = 5 x 1 0  D P i  . 
r 

For t h e  s i g n a l  t o  overcome t h e  n o i s e ,  t h e  fol lowing 
r e l a t i o n  must be  s a t i s f i e d  f o r  PCM. 

10-23(B/B  0 ) T R, Reference 11. 'r 

where 

B/B i s  the  i n v e r s e  of t h e  communication e f f i c i e n c y ,  

T i s  t h e  system n o i s e  equivalent  temperature ,  K, 

0 
0 

and 

R i s  t h e  d a t a  rate.  
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S u b s t i t u t i n g  known parameters,  assuming t h e  e q u a l i t y ,  and 
combining t h e  above t w o  r e l a t i o n s  y i e l d s  t h e  d e s i r e d  rela- 
t i o n s h i p ,  

2 R = 42.0 D Pi 

Only cho ices  of t h e  t h r e e  variables s a t i s f y i n g  t h e  above 
r e l a t i o n s h i p  w i l l  spec i fy  subsystems capable  of cormnunica- 
t i n g  s u c c e s s f u l l y  w i t h  Earth.  

As shown, t h e  communication subsystem can  b e  modeled on 
t h e  b a s i s  of only two chosen parameters  ( s t a t e s ) ,  as t h e  
t h i r d  is determined by the  range equat ion .  I f  any of t h e  
assumptions made a t  t h e  beginning of t h e  a n a l y s i s  were t o  
b e  r e l axed ,  then  a d d i t i o n a l  s ta te  v a r i a b l e s  would be  included 
t o  uniquely  s p e c i f y  t h e  subsystem. 

B. Subsystem Modeling Resul t s  

The subsystems comprising t h e  roving  v e h i c l e  are: 

1. science payload 

2. power genera t ion  

3. communications 

4 .  thermal  c o n t r o l  

5. nav iga t ion  (pos i t i on  l o c a t i o n  i n  Mars coordinate:;) 

6. o b s t a c l e  avoidance ( l o c a l  o b s t a c l e  d e t e c t i o n  and 
pa th  s e l e c t i o n )  

7. computation and d a t a  handl ing  

8. v e h i c l e  (frame, motors ,  packaging).  

Table 5 summarizes t h e  r e s u l t s  of modeling t h e  e i g h t  subsystems. 
The major assumptions shown i n  column B were made e i t h e r  be- 
cause  they  were j u s t i f i a b l e  i n  terms of t h e  conclus ions  of  p r e -  
v ious  s t u d i e s  (e.g., X-band c a r r i e r  wave f o r  communication) o r  
because i t  w a s  necessary  t o  c o n s t r a i n  t h e  number of op t ions  i n  
o r d e r  t o  arr ive a t  a m a t h e m a t i c a l  model. This  second ca tegory  
of assumptions con ta ins  those which must be  v a r i e d  i n  add i t ion -  
a l  runs  of  t h e  NLP problem. The c o l l e c t i o n  of a l l  e n t r i e s  i n  
columns C and D i s  t h e  t o t a l  se t  of des ign  parameters .  Using 
e q u a l i t y  r e l a t i o n s  of these  parameters ,  i t  i s  p o s s i b l e  t o  
e s t a b l i s h  t h e  minimum number of s ta tes ,  column C. Note t h a t  . 
t h e r e  are t h r e e  t ranscendenta l  equa t ions  which cannot be used 
t o  reduce t h e  number of s t a t e s ,  and must appear  as s t a t e  
e q u a l i t y  c o n s t r a i n t s  i n  the  NLP problem. 
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c: 
states 

1 weight  

2 b a t t e r y  energy 
3 RTG power 
4 roving  power 
5 v e l o c i t y  

6 power 
7 antenna diameter 

D 
o t h e r  des ign  parameters  

power 
t i m e  r e q u i r e d / s t o p  
volume 

recharge  t i m e  
rov ing  time (rnax.) 
weight  
volume 

b i t  rate 
weight  
volume 

c ouunun i c  a - 
t i o n s  

scjience 

71 

t h erma 1 
con t r o 1 

n av  i g  a t i o n  

obstacle 
avo i d  anc e 

computer 

veh ic  l e  

50 

TABLE 5. 

RESULTS OF SUBSYSTEM MODELING 
i5 

major assumptions 

equipment p r i o r i t i e s ,  
even t s  i n  sc i ence  s t o p  

battery-RTG conf igu ra -  
t ion 

PCM t ransmis  s ion ,  
X-band t r a n s .  , 
antenna po in t ing -  
e r r o r  

r a d i a t o r - h e a t  
p ipe  conf ig .  , 
r e q '  d. t e m p .  =300°K 

power, 
weight ,  

e r r o r  

scanning p a t t e r n  
path-  se lec t ion 
a lgo r i thm type  

power 1 c o n s t a n t s  
weight 

cons t a n  t s 3 power 
weight 

5 wheel RPI-MRV 

weight 
power 
r a d i a t o r  area 
i n s u  1 a t  ion  t h i c  kne s s 
c o o l i n g  c a p a c i t y  

12 range 
1 3  max. s l o p e  

f a c t o r  = 
(max. s lope /  
rov ing  power) 

- none - 

max. s lope  
% t e r r a i n  pas sab le  
pa th  l eng th  r a t i o  = 
( a c t u a l  pa th  l e n g t h /  
s t r a i g h t  l i n e  d i s t a n c e )  

14 wheel base  weight  
equipment package vol.  
wid th  ( t r a c k )  

s t a t e  equa t ions :  one r e l a t i n g  power subsystem s t a t e s  

- two r e l a t i n g  thermal c o n t r o l  s ta tes  

p = equipment package 
r = r a d i a t o r  
n = n i g h t  
d = day 
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4. System Modeling and Optimization 

The des ign  parameters  are t o  be  picked i n  such a way t h a t  t h e  
system best f u l f i l l s  i t s  purpose. 
two func t ions .  The f i r s t  i s  t o  rove t h e  s u r f a c e  of t h e  p l a n e t ;  t h e  
second i s  t o  ga the r  and r e t u r n  s c i e n t i f i c  data .  A r easonab le  objec-  
tive f u n c t i o n  then  i s :  

The Martian rove r  has  e s s e n t i a l l y  

maximize f ( x )  - = (d i s t ance  roved) x (science t i m e )  . 
On a p e r  day b a s i s ,  f ( x )  can  be w r i t t e n  as a f u n c t i o n  of t h e  des ign  
parameters  as: 

- 

= t i m e  r equ i r ed  f o r  one sc i ence  s t o p  TSci  

S = sc i ence  stops/lcilometer (a new s t a t e )  

V = v e h i c l e  v e l o c i t y  

= m a .  roving  t i m e  b e f o r e  recharge  TRov 

PLT = pa th  l eng th  r a t i o  

= recharge  t i m e  from max. depth  of d i scha rge  TRecharge 

The choice  of states i s  l imi t ed  by o t h e r  c o n s t r a i n t s  b e s i d e s  t h e  
t h r e e  s t a t e  equat ions .  The two c o n s t r a i n t s  t h a t  make opt imal  des ign  
of space systems a rea l  cha l lenge  are t o t a l  weight  and volume l i m i t a -  
t ions.  

Given t h e  choice  of launch v e h i c l e  ( t h i s  may be  decided by 
monetary o r  a v a i l a b i l i t y  cons ide ra t ions  over which t h e  des igne r  has  
no  c o n t r o l ) ,  one can wr i te :  

2 weights  of a l l  subsystems 4 payload c a p a c i t y  of launch v e h i c l e  

volumes of a l l  subsystems 6 volume of nosecone of launch 
veh ic l e .  

In  a d d i t i o n ,  f o r  t h e  v e h i c l e  i t s e l f ,  

equipment volumes < v e h i c l e  equipment package volume. 

These equa t ions  e s t a b l i s h  t h e  g . ' s  ( i n e q u a l i t y  c o n s t r a i n t s ) .  A t  t h i s  
p o i n t ,  t h e  problem h a s  been s u f i i c i e n t l y  mathemat ica l ly  formulated t o  
a t t e m p t  op t imiza t ion .  
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A program so lv ing  the  NLP problem us ing  the  s e q u e n t i a l  uncon- 
s t r a i n e d  minimizat ion technique,  Reference 14, has been w r i t t e n  by 
Ron Janosko of t h e  RPI-MRV p r o j e c t .  
i s  be ing  modif ied t o  handle  the somewhat complex equa t ions  which re- 
s u l t e d  from subsystem modeling. 

A t  t h e  present  t i m e ,  t h e  program 

5. Fu tu re  Work 

A major e f f o r t  w i l l  cont inue  t o  b e  expended toward completing 
t h e  p r e s e n t  e f f o r t  of opt imizing t h e  c u r r e n t  MRV model. 
w i l l  be  changed t o  conform wi th  changes i n  assumptions t h a t  need t o  be  
made, and s o l u t i o n s  w i l l  be  obtained f o r  a l l  cases. 

Then t h e  model 

A study w i l l  b e  i n i t i a t e d  t o  determine t h e  s e n s i t i v i t y  of t h e  
optimum s o l u t i o n s  both  t o  changes i n  t h e  design parameters  and model 
parameters. Design parameter changes r ep resen t  changes made du r ing  
a c t u a l  des ign  and cons t ruc t ion  of subsystems; and model parameter 
s e n s i t i v i t i e s  i n d i c a t e  how inaccurac i e s  i n  t h e  model a f f e c t  t h e  o p t i -  
m a l  so lu t ion .  

An a t tempt  t o  s e p a r a t e  the de te rmina t ion  of miss ion  goa l s ,  pro-  
f i l e s ,  and system conf igu ra t ion  from t h e  opt imiza t ion  p rocess  w i l l  be  
made. 

In  a d d i t i o n ,  a more thorough examination of decision-making and 
computat ional  requirements  a s  a func t ion  of t h e  des ign  parameters w i l l  
be  undertaken. 

Task C. Navigat ion,  Te r ra in  Modeling and Path S e l e c t i o n  

The miss ion  p l an  t o  undertake a sys temat ic  e x p l o r a t i o n  of Mars re- 
q u i r e s  t h a t  t h e  roving v e h i c l e  can b e  i n s t r u c t e d  t o  proceed under remote 
c o n t r o l  from i t s  landing s i t e  t o  a success ion  of d e s i r e d  loca t ions .  This  
o b j e c t i v e  r e q u i r e s  t h a t  t h e  v e h i c l e  posses s  t h e  c a p a b i l i t i e s :  of s ens ing  and 
i n t e r p r e t i n g  t h e  t e r r a i n  t o  provide t h e  information ' required by a p a t h  se- 
l e c t i o n  system, of s e l e c t i n g  pa ths  w i t h  due regard t o  s a f e t y  and o t h e r  con- 
s i d e r a t i o n s ,  and of knowing i t s  l o c a t i o n  and t h a t  of i t s  d e s t i n a t i o n s .  Tasks 
r e l a t i n g  t o  t h e s e  o b j e c t i v e s  have been def ined  and a r e  under a c t i v e  s tudy.  
The p rogres s  achieved t o  d a t e  i s  descr ibed  i n  t h e  s e c t i o n s  immediately fol low- 
ing.  

Task C. 1. Navigation Systems 

The a i m  of t h e  naviga t ion  t a s k  i s  t o  provide  
of t h e  p o s i t i o n  of t h e  v e h i c l e  as i t  exp lo res  t h e  
was decided t o  b reak  t h i s  o b j e c t i v e  down i n t o  two 

a cont inuous record  
Martian su r face .  It 
main types  of navi -  

g a t i o n  systems. The Vehicle  Navigation System provides  a cont inuous 
estimate of t h e  v e h i c l e ' s  p o s i t i o n .  However, t h i s  e s t i m a t e  c o n t a i n s  
some e r r o r  which grows wi th  t i m e .  The S a t e l l i t e  Navigat ion System pro- 
v ides  a more a c c u r a t e  estimate of t h e  v e h i c l e ' s  pos i t i -on  a t  d i s c r e t e  
i n s t a n c e s  of t ime. These a r e  then  used t o  c o r r e c t  t h e  e r r o r  i n  The 
Vehic le  Navigat ion System. Refer r ing  t o  Fig. 32, it i s  p o s s i b l e  t o  
see how t h e  e n t i r e  naviga t ion  package i s  put  t oge the r .  
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The l o c a l  ver t ica l  t r ack ing  b lock  couples  wi th  t h e  s ta r  and/or  
p o l e  t r a c k i n g  b lock  t o  genera te  a v e h i c l e  nav iga t ion  r e f e r e n c e  frame. 
This  frame i s  then  used t o  t ransform t h e  v e l o c i t y  measured i n  t h e  
body frame i n t o  t h e  proper r e fe rence  frame f o r  use by t h e  v e h i c l e  
n a v i g a t i o n  scheme. The v e h i c l e  nav iga t ion  scheme uses  t h i s  t r a n s -  
formed v e l o c i t y  and t h e  on-board c l o c k  a long  w i t h  some i n i t i a l  con- 
d i t i o n  of t h e  es t imated  pos i t i on  and b a s i c a l l y  i n t e g r a t e s  t h e ' v e l o c i t y  
t o  o b t a i n  an estimate of v e h i c l e  p o s i t i o n  as i t  t r a v e l s  on Mars. . 

The sa te l l i t e  nav iga t ion  scheme uses  a knowledge of t h e  naviga-  
t i o n  r e f e r e n c e  frame, t h e  clock,  t h e  ou tpu t  of a s a t e l l i t e  t r a c k i n g  
system, t h e  p r e d i c t i o n  of t h e  p r e s e n t  s a t e l l i t e  p o s i t i o n  and t h e  
p r e s e n t  ou tput  of t h e  v e h i c l e  nav iga t ion  scheme t o  o b t a i n  an  estimate 
of t h e  p r e s e n t  v e h i c l e  loca t ion .  Here t h e  estimate f o r  t h e  v e h i c l e  
system i s  used as an i n i t i a l  estimate i n  an e s t ima t ion  scheme. 

The o u t p u t s  of bo th  t h e  v e h i c l e  nav iga t ion  scheme and t h e  satel-  
l i t e  n a v i g a t i o n  scheme are combined t o  o b t a i n  a b e s t  estimate of t h e  
t r u e  v e h i c l e  p o s i t i o n .  This  f i n a l  e s t i m a t e  i s  then  used as an  i n i t i a l  
c o n d i t i o n  f o r  t h e  v e h i c l e  nav iga t ion  scheme. The output  of t h e  v e h i c l e  
nav iga t ion  scheme i s  a v a i l a b l e  cont inuous ly  where t h e  s a t e l l i t e  system 
ou tpu t  i s  only a v a i l a b l e  a t  discrete i n s t a n c e s  where t h e  s a t e l l i t e  can 
be  s i g h t e d  by t h e  rover .  

A t  p r e s e n t  work i s  progress ing  on t h e  des ign  of t h e  s a t e l l i t e  
nav iga t ion  system. The l o c a l  v e r t i c a l  s enso r  and t h e  s tar  and/or  po le  
t r a c k i n g  system and t h e  veh ic l e  nav iga t ion  scheme have been completed 
dur ing  t h i s  l a s t  per iod.  Work i n  t h e s e  f o u r  areas i s  r epor t ed  below. 

Task C . 1 . a .  S a t e l l i t e  Navigation System - R. E. Janosko 
Facul ty  Adv i so r  : Prof .  C. N.  Shen 

During t h i s  pe r iod  t h i s  t a s k  has  a t tempted t o  minimize some 
of t h e  e r r o r s  i nhe ren t  i n  the  pr imary nav iga t ion  system. That 
system assumed t h a t  t h e  rover  could t r a c k  t h e  o r b i t e r  and r eco rd  
t h e  d i s t a n c e  from t h e  rover t o  t h e  s a t e l l i t e .  It was f u r t h e r  . 
assumed t h a t  t h e  exac t  l oca t ion  of t h e  s a t e l l i t e  was known. From 
t h i s  in format ion ,  t h e  absolu te  l o c a t i o n  of t h e  s a t e l l i t e  and t h e  
l o c a t i o n  of t h e  s a t e l l i t e  wi th  r e s p e c t  t o  t h e  rove r ,  i t  w a s  t hen  
p o s s i b l e  t o  s o l v e  f o r  the  loca t ion  of t h e  rove r .  An e r r o r  a n a l y s i s  
was then  performed on t h i s  method of determining t h e  r o v e r ' s  pos i -  
t i o n .  Nominal e r r o r s  i n  t h e  r equ i r ed  measurements and i n  t h e  loca-  
t i o n  of t h e  s a t e l l i t e  l e d  t o  a r easonab le  e r r o r  i n  l o c a t i n g  t h e  
rove r  , Reference 14. 

The b a s i s  system s tud ied  i s  given i n  F igure  33,  t h e  11, 12, - I3 are i n e r t i a l  axes  centered  i n  Mars, x is t h e  v e c t o r  t h a t  l o c a t e s  
t h e  rove r  on t h e  Martian su r face ,  si, s 2 ,  53 are t h e  t h r e e  p o s i t i o n  
v e c t o r s  of t h e  s a t e l l i t e ,  and p , , p p , ; p 3  are t h e  t h r e e  s c a l a r  d i s -  
t ances  from t h e  rover  t o  t h e  s a t e l l i t e .  For t h e  p re sen t  a n a l y s i s  
i t  w a s  assumed t h a t  t h e  rover  w a s  f i x e d  on t h e  Martian s u r f a c e  and 
t h a t  Mars w a s  n o t  r o t a t i n g .  

- - e  

In  o rde r  t o  perform a n  e r r o r  a n a l y s i s  on t h i s  scheme, pe r tu rba -  
t i o n s  were introduced i n  t h e  measured q u a n t i t i e s  as w e l l  as i n  t h e  
components of t h e  x vec to r .  These d e v i a t i o n s  i n  t h e ?  v e c t o r  were 
then  a l g e b r a i c a l l y  solved f o r  i n  terms of t h e  e r r o r s  i n  measuring 
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t h e  range and i n  l o c a t i n g  t h e  s a t e l l i t e .  

These e r r o r  equat ions  w e r e  a b l e  t o  b e  w r i t t e n  as 

AZ = 

where 

-1 
P1 

P2 

P3 

A j  + 
I 

A K  i s  t h e  rover  e r r o r  v e c t o r  g i v i n g  t h e  e r r o r  i n  t h e  
t h r e e  component d i r e c t i o n s  

b p  
A 3  i s  t h e  e r r o r  i n  l o c a t i n g  t h e  s a t e l l i t e  (assumed 

i s  t h e  e r r o r  i n  the  range measurement (assumed 
equa l  f o r  a l l  t h ree  measurements) 

equa l  i n  a l l  d i r e c t i o n s )  

l i t e  (assumed p ropor t iona l  t o  a c lock  e r r o r  and 
about  .1 s )  

S i s  t h e  e r r o r  i n  the r e l a t i v e  l o c a t i o n  of t h e  s a t e l -  

For Equation 1, a 1 km e r r o r  i n  0 s  and A)? of 5 m. it w a s  
found t h a t  f o r  3000 km orbitAlxTLSZ was about 3 km.2 which i s  q u i t e  
reasonable .  

The f i n a l  nav iga t ion  error i s  thus  able  t o  3e w r i t t e n  a s :  

where AEy bp and A s  a r e  as p rev ious ly  def ined .  

- -  
) i s  a 3x3 matrix whose elements are f u n c t i o n s  

l o c a t i o n z ,  and t h e  t h r e e  s a t e l l i t e  l o c a t i o n s  - 
sly Z2’  and T 3’ 

P1’ p2’P3 T 

Fis a v e c t o r  whose components are t h e  t h r e e  range measurements . . - -  
t o  t h e  t h r e e  s a t e l l i t e  p o s i t i o n s  Y s s 1’ 2’ 3’  

(1) i s  a v e c t o r  where components are (1’1’1) 

Note t h a t  t h e  e r r o r  i n  A ?  i s  one-to-one w i t h  t h e  e r r o r  i n  l o c a t i n g  
t h e  s a t e l l i t e .  

Ins tead  of minimizing the  v a l u e  hx d i r e c t l y ,  w e  w i l l  minimize 
t h e  t r a c e  of t h e  c o r r e l a t i o n  mat r ix  of 
(MSE). 
assumed t h a t  t h e  e r r o r  i n  t h e  s a t e l l i t e  l o c a t i o n  and t h e  e r r o r  i n  
t h e  range measurement are independent and uncor re l a t ed  then  t h e  
problem can  b e  w r i t t e n  as minimize 

o r  t h e  mean squared e r r o r  
This  t r a c e  can be w r i t t e n  as E ( A ~ T A I I L X ) ~  I f  i t  is  f u r t h e r  



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

57 

where 9 and B,  have been previous ly  de f ined ,  and b p  -r. i s  t h e  
variance of t h e  range  e r r o r .  

The error r e l a t e d  t o  t h e  range e r r o r s  is  a f u n c t i o n  of the 
rove r  l o c a t i o n  5 ,  which i s  a r b i t r a r y .  If one were t o  look a t  re - ' .  
ducing t h i s  e r r o r  as a ' func t ion  of rove r  l o c a t i o n  w e  would unneces- 
s a r i l y  res t r ic t  t h e  area a b l e  t o  be  explored by t h e  veh ic l e .  
e r r o r  i s  a l s o  a f u n c t i o n  of the  s a t e l l i t e  pos i t i on .  
is  a v a r i a b l e  t h a t  can  be c o n t r o l l e d .  
o r b i t  s o  as t o  minimize t h e  naviga t ion  e r r o r .  For  t h e  p r e s e n t  i t  
was decided t o  assume t h a t  the  o r b i t  i s  c i r c u l a r  and t h a t  t h e  in- 
c l i n a t i o n  d o e s n ' t  enter i n t o  the  e r r o r .  This  means t h a t  w e  can  
choose t h e  a l t i t u d e  A ,  of t h e  o r b i t .  One a l s o  can choose t h e  
relative l o c a t i o n  between t h e  s a t e l l i t e  loca t ions .  To choose t h e s e  
l o c a t i o n s  i t  i s  p o s s i b l e  t o  vary t h e  ang le  o C ,  where K i s  t h e  ang le  
between s a t e l l i t e  v e c t o r s .  This  corresponds t o  dec id ing  how o f t e n  t o  
t a k e  da t a .  
t h e  method of minimizing t h e  e r r o r  vec to r .  The v a r i a b l e s  i n  t h i s  case 
are A and cc. 

This  
However, t h i s  

It i s  p o s s i b l e  t o  select  an 

F igu re  34 i l l u s t r a t e s  t h e  s imple problem chosen t o  t es t  

A s  mentioned p rev ious ly ,  t h e  e r r o r  i s  a Function of t h e  rove r  
l oca t ion .  To e l i m i n a t e  t h e  problem of s tudying  a l l  rove r  l o c a t i o n s  
and how t h e  e r r o r  v a r i e s  a t  each, only t h e  case  where t h e  rover  i s  
f i x e d ,  so t h a t  a l i n e  from the  rover  t o  t h e  second s u b - s a t e l l i t e  
p o i n t  on t h e  s u r f a c e  i s  perpendicular  t o  t h e  trace of t h e  o r b i t  on 
t h e  s u r f a c e ,  w a s  s tud ied .  Fu r the r ,  t h e  rove r  w a s  l oca t ed  s o  t h a t  it 
i s  t h e  maximum d i s t a n c e  from the o r b i t a l  p l ane  t h a t  t h e  rove r  can be  
and s t i l l  see t h e  sa te l l i t e  t h r e e  t i m e s .  

With t h e  above as an o u t l i n e  i n d i c a t i n g  most of t h e  mathematical  
background necessary ,  t h e  problem could  then  be  s t a t e d  as 

s u b j e c t  t o :  A - A & O  

A - A  3 0  

max 

min 

(3-6 

cos  'd cos  - c o s p  = 0 

R 
R t A  c o s b  - sin,&- = o I .  

where 

I 
I 

R s  i n  

B" = Rsin 

R s  i n  

-1 
Rcos - (R+A) cos  (R+A)sin 

RCOS - (Ri-A) 0 

Rcos - (R+A)cos - (R+A)sin 

I 

and 
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A t  t h i s  time t h e  a n a l y t i c  s o l u t i o n  t o  t h e  above problem i s  
completed. The opt imal  A i s  2971.06 Km, t h e  opt imal  o( i s  
1.16 x r a d i a n s  (a measurement i n t e r v a l  of 0.28 sec ) .  The 
minimum m s e  i s  then  6.08 x 10-4 m2 f o r  a AFL of 2.5 x 10' 5 2  Km . 

While t h e  a n a l y t i c  s o l u t i o n  t o  t h e  problem was be ing  i n v e s t i -  
ga ted  r e sea rch  w a s  undertaken t o  s e e  how t h e  use of a laser range 
f i n d e r  w i th  i t s  power requirements w i l l  e f f e c t  t h e  opt imal  so lu t ion .  
The l a s e r  w i l l  add a d d i t i o n a l  c o n s t r a i n t s  t o  t h e  minimization problem. 

The average power P drawn by t h e  laser must be less than o r  av' e q u a l  t o  t h e  maximum power a v a i l a b l e  t o  t h e  laser subsystem. That i s  

1 ' P  'av max 

where Pmax i s  t h e  maximum power a v a i l a b l e .  Also t h e  power rece ived ,  

P ' ,  must be g r e a t e r  than o r  equal t o  t h e  minimum d e t e c t a b l e  power a t  
tKe r e c e i v e r .  O r ,  

P I P  r min 

where Pmin i s  t h e  minimum d e t e c t a b l e  power. 

s t i c ,  t h e  energy input  t o  t h e  l a s e r  Ein should be  less than or  equal  

t o  t h e  energy r a t i n g  of t h e  l a s e r  E t i s ' t h e  t i m e  r equ i r ed  t o  

cha rge  t h e  l a s e r ,  then t h e  input  energy E can be  r ep resen ted  as 

Fur the r ,  t o  be reali- 

If L' 

i n  

= P  t E in  av 

and thus  t h e  c o n s t r a i n t  

2 P  t E~ av 

L e t t i n g  t h e  e f f i c i e n c y  of t h e  l a s e r  system be  € , t h e  power t r a n s -  
m i t t e d  i n  one p u l s e  of t h e  l a s e r ,  can be  r ep resen ted  by Pt' 

t - 'av Pt - ' T  
where 1 i s  the  pulse  w i d t b .  

The problem now is  t o  r e l a t e  t h e  power t r ansmi t t ed  t o  t h e  power 
rece ived .  The t r ansmi t t ed  beam power P and t h e  power t h a t  i s  t ' 
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i n c i d e n t  on t h e  t a r g e t ,  PT, a r e  i n  a r a t i o  p r o p o r t i o n a l  t o  
the t a r g e t ,  AT, and t h e  a r e a  t h a t  t h e  t r a n s m i t t e d  beam has  a t  
t h e  t a r g e t  range.  This  las t  a r e a  can be rep resen ted  i n  terms 
of t h e  average  d i s t a n c e  from t h e  t a r g e t  t o  t h e  t r a n s m i t t e r , ?  , 
and i n  terms of t h e  beam divergence ang le  0 This  power r a t i o  
i s  t h u s  a b l e  t o  be  w r i t t e n  as to  

(3)  

Likewise t h e  r a t i o  of power rece ived  by t h e  r e c e i v e r ,  Pry to 
i s  i n  t h e  same propor- pT: 

t h e  r e f l e c t e d  power from t h e  t a r g e t ,  
t i o n  as t h e i r  relative a r e a s  a r e ,  t h a t  IS, 

(4) 

where A i s  t h e  r e c e i v e r  a r e a ,  and 0 i s  t h e  r e tu rned  beam r d ivergence  angle.  It should be ment$oned he re  t h a t  it has  been 
assumed t h a t  t h e  s a t e l l i t e  has been equipped wi th  a r e t r o f l e c t -  
i ng  s u r f a c e  so  t h a t  almost a l l  of t h e  i n c i d e n t  r a d i a t i o n  on to  
t h e  t a r g e t  a r e a  i s  r e f l e c t e d  back i n  t h e  d i r e c t i o n  of t h e  t r a n s -  
m i t t e r / r e c e i v e r  group. I f  one of t h e  n a t u r a l  sa te l l i tes  o r  a 
non-ref l e c t i n g  s a t e l l i t e  i s  used i n s t e a d  then  one must i n c l u d e  
t h e  l o s s e s  due t o  t h e  s c a t t e r i n g  of t h e  l i g h t  by t h e  non-re t ro-  
f l e c t i n g  su r face .  

Besides  t h e  geometric l o s s e s ,  t h e r e  i s  a l s o  t h e  atmospheric 
a b s o r b t i o n  of s q m e  of t h e  power, t h e  s l i g h t  l o s s e s  a t  t h e  r e t r o -  
f l e c t o r  (or  l a r g e  l o s s e s  i f  not r e t r o f l e c t i n g ) ,  and o p t i c a l  l o s s e s  
i n  t h e  t r ansmiss ion  and r ece iv ing  of t h e  laser beam. I f  $fa r ep re -  
s e n t s  t h e  one way atmospheric l o s s ,  $ r e p r e s e n t s  t h e  f a c t o r  
c o r r e c t i n g  f o r  t h e  r e f l e c t i v e  l o s s ,  and 
o p t i c a l  e f f i c i e n c y  of t h e  system, then t h e  t r ansmi t t ed  power can  
be r e l a t e d  t o  t h e  r e c e i v e r  power r a t h e r  a c c u r a t e l y  by 

* 

9 r e p r e s e n t s  t h e  o v e r a l l  T 

(5) 

which i s  obta ined  from equat ions  (3) and ( 4 )  when t h e  l o s s  
f a c t o r s  are inc luded .  

Equat ion ( 5 )  can now be  used t o  relate t h e  time t o  charge  
t h e  laser and t h e  power received.  Using equa t ion  (2)  i n  equa t ion  
(5) t h e  fo l lowing  equat ion  r e s u l t s  : 

Cy2 f A A P  t 

2 2 - 4  
P = a T r ~ a v  r r2 er et 7 p  
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The t i m e  between s i g h t i n g s  must now be  made t o  correspond 
t o  t h e  t i m e  t o  charge  t h e  laser. 
pe r iod  of t h e  o r b i t  t o  t h e  t i m e  it t a k e s  t o  t r a v e l  an arc l e n g t h  
equal t o  oc degrees .  
i n g  formula t h a t  ho lds  f o r  a c i r c u l a r  o r b i t ,  Reference 16, 

This  can  be  done by r e l a t i n g  t h e  

This r e l a t i o n s h i p  can  be given by t h e  fol low- 

(A + R)3/2 
207.0 

tb = oc 

where tb r e p r e s e n t s  t h e  t i m e  between s i g h t i n g s  i n  seconds and A 
and R are in  k i lome te r s  and o( i n  r ad ians .  
t h a t  t h e  t i m e  between s i g h t i n g s  be  g r e a t e r  than  t h e  t i m e  used t o  
charge  t h e  laser. This  can be r ep resen ted  by 

It i s  now requ i red  

(A + R)3/2 
207.0 

t 5  o( 

After a d e t a i l e d  i n v e s t i g a t i o n  of laser range f inde r s  i n  t h e  
l i t e r a t u r e ,  w e  found t h a t  it w a s  p o s s i b l e  t o  form a r e l a t i o n s h i p  
between t h e  s igna l - to -no i se  r a t i o  and t h e  r o o t  mean square (RMS) 
range  e r r o r .  
by, Reference 17, 

For a pulsed l a s e r  t h i s  r e l a t i o n s h i p  can be given 

where c i s  t h e  speed of l i g h t  i n  k i lome te r s / sec ,  b i s  t h e  p u l s e  
d e t e c t o r  bandwidth i n  h e r t z ,  K i s  a dimensionless  cons t an t  depend- 
i n g  an t h e  shape of t h e  bypass c h a r a c t e r i s t i c s  arid equals approxi-  
mately 0.4 and (S/N) r ep resen t s  t h e  s igna l - to -no i se  r a t i o  i n  db. 
It w a s  f u r t h e r  p o s s i b l e  t o  r e l a t e  t h e  (S/N) t o  t h e  receiver power 
by t h e  fo l lowing  equat ion  which ho lds  f o r  a pho tomul t ip l i e r  tube  
d e t e c t o r ,  Reference 18, ' 

E 
'r [ 4 bq [ 1 + PB/Pr -t (I /P  ) *g S/N = 10 l o g  

d r qn 

where q i s  t h e  e l e c t r o n  charge (coul . )  

h is  Planck ' s  cons tan t  ( j ou le s - sec )  

n i s  t h e  quantum e f f i c i e n c y  

i s  t h e  frequency of r a d i a t i o n  ( sec - l )  

P is  t h e  background power f a l l i n g  on the  d e t e c t o r  (wat t s )  B 
b i s  t h e  bandwith i n  h e r t z  

Id i s  t h e  dark  cu r ren t  (amps) 

Equat ions (6) and ( 7 )  can now be combined t o  y i e l d  
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hr/ x2 K c  0.05 
2b 1 l o g L ( 3  P,] - l o g L 4 b  q \l+PB/Pr + ( I d / P r ) ( z  

I n  t h i s  s e c t i o n  a l l  of t h e  c o n s t r a i n t s  and t h e  o b j e c t i v e  
f u n c t i o n  a r e  n o t  i n  t h e  s tandard n o n l i n e a r  programming format. 
This s t anda rd  format can be w r i t t e n  as 

s u b j e c t  t o :  

The e q u a l i t y  c o n s t r a i n t s  

- 0  cos  - s i n @  - - - R 
R+A 

cos  8 c o s ~ - c o s ~  = 0 

and t h e  i n e q u a l i t y  c o n s t r a i n t s  

N-p, 2 0 

A - A 2 0  

A - Amin 

max 

2 0  

2 0  max - 'av 

'r - 'min 2 0  

'avt - 2 0  

3 / 2  2 t - K(A+R) 
207.0 

n. ru 
Also  P = (P,+pL+h)/3,  t h a t  is Ja i s  t h e  average range measured, 
and B and p are a s  prev ious ly  def ined .  

The minimizat ion i s  t o  be c a r r i e d  out  w i th  r e s p e c t  t o  t h e  v a r i a b l e s  
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OC, @ , A, # , Pry AP', t, Pav. A l l  o t h e r  q u a n t i t i e s  i n  t h e  

above equat ions  are t r e a t e d  as c o n s t a n t s  and t h e i r  v a l u e s  must b e  
s p e c i f i e d  be fo re  t h e  problem can be  solved.  The a n a l y t i c a l  s o l u t i o n  
t o  t h i s  t o t a l  problem i s  n o t  y e t  complete. It i s  a n t i c i p a t e d  t h a t  
t h i s  problem w i l l  be  solved by February 1972 by which t i m e  a d d i t i o n a l  
c o n s t r a i n t s  spec i fy ing  t h e  area of s u r f a c e  i n v e s t i g a t i o n  w i l l . a l s o  
be included.  

Task C.1.b. Vehicle  NGvigation System - H. M. Chen 
Facu l ty  Advisor: Prof .  C. N.  Shen 

The o b j e c t i v e  of t h i s  sub- task  is  t h e  des ign  and a n a l y s i s  of  a 
The major  em- s u r f a c e  nav iga t ion  system f o r  a Mars Roving Vehicle.  

p h a s i s  dur ing  p a s t  pe r iod  has  been d i r e c t e d  t o  a d e t a i l e d  e r r o r  ana ly-  
s is  of  t h e  proposed 'naviga t ion  scheme. 

During t h e  p a s t  per iod  when des igning  a rover  n a v i g a t i o n  system, 
an a t tempt  w a s  made t o  avoid us ing  convent iona l  n a v i g a t i o n  methods 
which use  a gyro-platform wi th  acce lerometers  because they  are i n e f f e c -  
t i ve  f o r  low speeds and h igh  v i b r a t i o n s ,  a d i r e c t  v e l o c i t y  senso r ,  
Reference 19,  w a s  devised t o  measure t h e  v e l o c i t y  relative t o  t h e  
Mart ian s u r f a c e  i n  a v e h i c l e  body-bound frame. 
ment w a s  then  transformed t o  a n o n - i n e r t i a l  r e f e rence  frame f o r  com- 
p u t a t i o n .  To e s t a b l i s h  t h e  r e fe rence  frame, t h e  v e h i c l e  has  t o  measure 

F\ cont inuous ly ,  a u n i t  v e c t o r  %, p o i n t i n g  away from t h e  MaEs c e n t e r .  One 
of  t h e  axes of t h e  frame, x i ,  i s  a l igned  wi th  t h e  v e c t o r  %. 
a x i s  is placed perpendicular  t o  t h e  p l ane  formed by t h e  p o l e - s t a r  and 
l o c a l - v e r t i c a l  d i r e c t i o n s  i n  the  d i r e c t i o n  of t h e  v e c t o r  up x \. The 
t h i r d  a x i s  i s  or thogonal  t o  both t h e  f i r s t  two axes  and forms a r i g h t -  
handed t r i a d .  
axes ,  t h e  v e h i c l e  computer i s  a b l e  t o  cont inuous ly  t r a c k  t h e  va lue  of 
r a d i u s  r ( t ) ,  l a t i t u d e 3  ( t ) ,  and long i tude  $ ( t ) ,  w i t h  r e s p e c t  t o  a Mars 
geographic  coord ina te  system as the vehicle travels from a glven i n l * t i a l  
p o i n t  w i t h  t h e  v a l u e  ( ro ,  Ao,  $4,). 

The v e l o c i t y  measure- 

The second 

A 

By i n t e g r a t i n g  t h e  v e l o c i t y  components a long  t h e s e  t h r e e  

Due t o  t h e  e r r o r s  of t h e  i n i t i a l  p o s i t i o n  e s t i m a t e s ,  t h e  v e l o c i t y  
measurement, t h e  o p t i c a l  s t a r - t r a c k i n g  device  and t h e  l o c a l - v e r t i c a l  
s enso r ,  t h e  computer e r r o r s  i n  k-(t), 7 ( t )  and f ( t )  are found t o  be  pro- 
p o r t i o n a l l y  inc reas ing  wi th  the  d i s t a n c e  t r a v e l e d  by t h e  r o v e r o  
then  concluded t h a t  t h e  system needs r e - i n i t i a t i o n  p e r i o d i c a l l y  by 
u s i n g  some o u t s i d e  independent in format ion ,  e o g o ,  t h e  rove r  p o s i t i o n  
estimates from t h e  sa te l l i t e  update system, Reference 15. 

It i s  

There are  two k inds  of s i n g u l a r i t y  problems i n  t h i s  system when 
t h e  rove r  i s  nea r  t h e  Mars poles .  They are t h e  r e f e r e n c e  frame 
s i n g u l a r i t y  problem and computat ional  s i n g u l a r i t y  problem. The former 
i s  due t o  t h e  c loseness  of t he  p o l e - s t a r  vec to r  and t h e  l o c a l - v e r t i c a l  
a t . h i g h  l a t i t u d e  area. To e s t a b l i s h  a more accu ra t e  r e f e r e n c e  frame 
i n  t h e  a r e a  a 7 7 0  degrees ,  it may be suggested t h a t  a d d i t i o n a l  measure- 
ment such as consecu t ive ly  observing t h r e e  known s tars  which are n e a r  
t h e  Mars equator  and about 120 degrees  a p a r t ,  should be  obta ined .  
Concerning t h e  computat ional  s i n g u l a r i t y  problem a r eg ion  c a l l e d  POLE 
AREA i s  de f ined  f o r  t h e  l a t i t u d e s  f romJ 7 8 8 O  t o / ?  = 90'. This  POLE 
AREA i s  then  a c i r c u l a r ,  almost f l a t  reg ion  wi th  a r a d i u s  less than  
120 km's. Within t h e  POLE AREA, it would be  proper  t o  s t o p  t h e  above 



I 
1 
I 
I 
I 
D 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

64 

s u r f a c e  nav iga t ion  system and u s e  landmarks, sun t r a c k i n g ,  sa te l l i t e  
or even p l a c e  a beacon a s  a reference. 

Comparison w i t h  o t h e r  naviga t ion  schemes 

After a review of t h e  l i t e r a t u r e  i t  was p o s s i b l e  t o  compare 
o t h e r  cand ida te  nav iga t ion  schemes by means of t h e  t a b l e  fol lowing.  
Table 6 compares f o u r  candida te  schemes. The system proposed i n  t h e  
earlier p a r t  of t h e  s e c t i o n  i s  t h e  po le  s t a r - l o c a l  v e r t i c a l / v e l o c i t y  
s e n s o r  system. The o t h e r  t h r e e  systems are commonly used nav iga t ion  
s y s  t e m s  . 

A s  a r e s u l t  of t h i s  rough comparison it w a s  decided that  t h e  
gyro /acce lerometer  i n e r t i a l  system and t h e  body bound gyro  system 
cou ld  be dropped from cons ide ra t ion  as cand ida te  systems. 
because  of t h e i r  s h o r t  independent ope ra t ion  t i m e s  and because of t h e  
l a r g e  e r r o r  sources  t h a t  were inhe ren t  i n  the  systems themselves.  
F u r t h e r  it w a s  decided t h a t  a hybr id  system us ing  b a s i c a l l y  t h e  odo- 
meter gyrocompass system updated by t h e  po le  s t a r  l o c a t i o n  could com- 
b i n e  t h e  b e s t  of t h e  remaining two systems. 
i s  g iven  i n  t h e  t e c h n i c a l  r e p o r t  t h a t  w a s  w r i t t e n  i n  t h e  area and is  
summarized i n  t h e  nex t  s ec t ion .  

Th i s  w a s  

A more thorough d i s c u s s i o n  

The above comparison suggests  t h a t  a p o s s i b l e  f e a s i b l e  and r e l i a b l e  
system might b e  t h e  one descr ibed  as fo l lows .  For t h e  phys ica l  p la t form,  
u s e  a h o r i z o n t a l l y  s t a b i l i z e d  p l a t fo rm which i s  o r i e n t a t e d  wi th  respect 
t o  t h e  l o c a l  v e r t i c a l  only.  A n o r t h  o r  south  seeking gyrocompass i s  
mounted on a p i v o t  f i xed  t o  t h e  p la t form,  such t h a t  t h e  gyrocompass i s  
f r e e  t o  r o t a t e  w i t h  respect t o  t h e  normal of t h e  platform.  A po le  s t a r  
sensor ,which is  a l s o  mounted on t h e  p l a t fo rm t h e  same way, i s  used 
p e r i o d i c a l l y  t o  update  t h e  no r th  o r  t h e  south  of t h e  gyrocompass. 

The d i s t a n c e  t r a v e l e d  by t h e  rove r  i s  measured by us ing  ang le  
p i ck -o f f s  on t h e  two d r i v i n g  wheels.  Weight t h e  angle  measurements by 
some f u n c t i o n  of t h e  s t e e r i n g  ang le  when t h e  f r o n t  wheels are turned.  
Measure t h e  h o r i z o n t a l  d e f l e c t i o n  ang le  jd’of t h e  t a i l  wheel a r m , t o  
c a l c u l a t e  t h e  la te ra l  s l i d e  of t h e  v e h i c l e .  The h o r i z o n t a l  d e f l e c t i o n  
a n g l e  f l~  of t h e  ann caused by t h e  s t e e r i n g  angle  8 a l o n e  w a s  r e p o r t e d  
in  Reference 19. 
t h e  v e h i c l e  can be  ca l cu la t ed  as 

Once $q-(8) i s  eva lua ted ,  t h e  l a t e ra l  s l i d e  sB1 of 

when SB2 is  t h e  weighted odometer reading  wichin some s h o r t  t i m e  i n -  
terval (say one minute,  o r  equ iva len t ly  20 meters )  when 0 and 6~ can  
b o t h  be  cons idered  as cons t an t s .  

This  d i s t a n c e  is  measured i n  t h e  v e h i c l e  body frame. In  o r d e r  
t o  t ransform it t o  t h e  l o c a l  r e f e r e n c e  frame f o r  use by t h e  v e h i c l e  
nav iga t ion  system, t h e  p i t ch ing  angle  
t h e  p l a t fo rm and t h e  yawing angle  OC of t h e  gyrocompass have t o  be  
measured. The t ransformat ion  i s  accomplished by means of t h e  equa- 
t i o n  

and the  r o l l i n g  ang le  f of 

. ... , ~ 
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- - 

'B1 

'B2 

0 

0 
13 

A 0  

r0 

= transformed d i s t a n c e  components a long  t h e  E, E' 'V where S 

N and L.V. d i r e c t i o n s  r e spec t ive ly .  The ma t r ix  A, B and C are de- 
f i n e d  as 

' c o s  @ s i n  4 0 

-sin L-A cos  o( 0 

0 0 1 

1 0 .  0 
0 cos  /3 - s i n 0  
0 s i n  p cos  f i  

c o s  2( 0 s i n  8 
0 1 0 

- s i n  0 cos  $ 

Now, i f  SE(k) ,  SN(K) and S (K) are used t o  denote  t h e  t ransformed V 
d i s t a n c e  measurements i n  t h e  Kth t i m e  i n t e r v a l ,  t h e  updated p o s i t i o n  
of t h e  v e h i c l e  a t  t h e  end of t h e  ith i n t e r v a l  can he c a l c u l a t e d  as 
fo l lows :  

where E b ( t ) ,  2 ( t ) ,  V(t) 1 
been d iv ided  i n t o  i equa l  s u b i n t e r v a l s  which are assumed t o  be  s m a l l .  

i s  t h e  rove r  p o s i t i o n  a t  t i m e  t ,  and 
( ~ o , X o , ~ , )  i s  t h e  i n i t i a l  pos i t i on .  The t i m e  i n t e r v a l  ( o , t )  has  

I 
I 
I 

To cons ide r  t h e  output  accuracy of t h e  above modified system, 
t h e  fo l lowing  p o s s i b l e  e r r o r  sources  are i n v e s t i g a t e d .  The d i s t a n c e  
component S i s  measured by two angle  p i c k - o f f s  which are mounted on B2 
t h e  d r i v i n g  wheels.  Due t o  s l i ppage ,  s inkage and wheel deformation,  
Reference 20, e tc . ,  a 5% propor t iona l  e r r o r  would be  a reasonable  
guess .  Also some amount of b i a s  e r r o r  may ex is t  due t o  poor c a l i b r a -  
t i o n .  When t h e  v e h i c l e  i s  turn ing ,  improper weight ing on t h e  angle  
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0 0 

+A 0 - s i n p  - c o s 6  C 

o c o s p  - s i n  0 

pick-of f  o u t p u t s  is  another  source of e r r o r .  The la teral  movement 
SB1 which i s  r e l a t e d  t o  S 

la teral  d e f l e c t i o n  angle  $3 may be a ve ry  poor measurement i f  t h e  arm- 
wheel assembly i s  n o t  l i g h t ,  Reference 19. The ang le  measurements 6(, 
& , a r e  comparat ively accura te  f o r  t ransformat ion  purposes ,  i f  t h e  

sampling t i m e  i n t e r v a l s  are chosen t o  be ve ry  s m a l l .  Hence as a f i r s t  
approximation,  t h e  c( , 6 ,,a measurement e r r o r s  w i l l  be  neglec ted .  It 
should be  understood t h a t  although t h e s e  angular  measurements can be  
made a c c u r a t e l y ,  t h e  ieasurements  /3 and $ c o n t a i n  t h e  p l a t fo rm e r r o r  
and /o r  t h e  l o c a l  v e r t i c a l  sensor e r r o r ,  and t h e  measurementx  c o n t a i n s  
gy ro  misalignment and d r i f t  e r r o r s .  
p l a t f o r m  p lane  does n o t  fol low t h e  t r u e  l o c a l  v e r t i c a l  b u t  d e v i a t e s  
from it a s m a l l  ang le  &v , and t h e  gyro d r i f t s  from t h e  t r u e n o r t h o r  
s o u t h  by a sma l l  ang le  .E 
sources  s t a t e d  above, t h e  system equat ion  is  pe r tu rbed  t o  y i e l d  t h e  
fo l lowing :  

appa ren t ly  has  a l a r g e r  e r r o r .  The B2 

Assume t h a t  t h e  normal t o  t h e  

To show t h e  consequence of t h e  e r r o r  a *  

'B1 

'B2 ' p  
0 

where t h e  A q u a n t i t i e s  are i n t e r p r e t e d  as t h e  a s s o c i a t e d  e r r o r s ,  
and t h e  non- A q u a n t i t i e s  can be i n t e r p r e t e d  as t h e  assoc.iated t r u e  
va lues .  Y t  i s  c l e a r  t h a t  

3 ACX = 

ap = E v  cos w 

,A 1 = e?% s i n  &d 

If 
w i t h  ze ro  means; t h e  ang le  bJ i s  a random v a r i a b l e  uniformly d i s t r i -  
bu ted  on and t h e  q u a n t i t i e s  ASB1 and A SB2 a r e  taken 

a s  gauss ian  random bu t  w i th  non-zero means, it then  fo l lows  t h a t  

[hS, 

Ev and E? a r e  considered as s m a l l  g z a s i a n  random v a r i a b l e s  

LO, 2T1 , 
,AS,, , hSVJT i s  a random v e c t o r  which i s  a func t ion  of t h e  
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To g e t  more i n s i g h t  i n t o  t h e  above a n a l y s i s ,  an example i s  
g iven  a s  fo l lows :  Assume t h a t  t h e  rover travels eastward f o r  2000 
meters, i n  a s t r a i g h t  p a t h  with c o n s t a n t  speed, on a h o r i z o n t a l  
t e r r a i n  such t h a t  

and t h e  la teral  movem6nt 

SB1 = 0 

Also assume t h a t  t h e  instrument  e r r o r s  have ze ro  means and t h e  
fo l lowing  s t anda rd  dev ia t ions  

s.d.  of 4 = 1/50 r a d i a n  

s .d .  of E v  = 1/50 r a d i a n  

s.d. of SB2 = 5% of  SB2 

Then, from t h e  per turbed  error equat ion ,  w e  g e t  

where t h e  i n t e r g e r  K denotes  t h e  Kth measurement of t h e  d i s t a n c e .  
I f  w e  can c la im t h a t  w i th  a t o t a l  of n measurements i n  equa l  time 
i n t e r v a l s ,  t h e  a s s o c i a t e d  measurement e r r o r s  i n  d i f f e r e n t  . t i m e  in -  
tervals are uncor re l a t ed ,  then t h e  mean square p o s i t  ion e r r o r s  a t  
t h e  end of t h e  2000-meter t r i p  are a p p a r e n t l y n  

.I. 

I *Note t h a t  i n  t h i s  example S i s  equal t o  2000 meters  d iv ided  by t h e  t o t a l  
interval n. B2 
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Note t h a t  t h e  r e s u l t  i s  v a l i d  only  f o r  t h e  p a r t i c u l a r  number n. 
For  example, i f  n = 100, the  r o o t  mean square  e r r o r s  a t  t h e  end 
of t h e  t r i p  are 10, 4 ,  2.8 (meters)  i n  E, N and L.V. d i r e c t i o n s  
r e s p e c t i v e l y .  For l a r g e r  n ,  t h e  e r r o r s  i n  d i f f e r e n t  i n t e r v a l s  are 
c o r r e l a t e d ,  t h u s  c r o s s  product terms should be added t o  t h e  above 
r e s u l t  which w e  w i l l  no t  e l a b o r a t e  here .  In s t ead ,  l e t ' s  cons ide r  
t h e  problems a s s o c i a t e d  w i t h  making n as l a r g e  as p r a c t i c a l  so 
t h a t  t h e  accumulated e r r o r  w i l l  b e  s m a l l .  It can  be  seen t h a t  t h e  
main cause  of  e r r o r  c o r r e l a t i o n  i n  our  system i s  mechanical response 
t i m e ,  s p e c i f i c a l l y  t h e  response of t h e  platform.  For example, i f  
t h e  p l a t fo rm i s  i n i t i a l l y  t i l t e d  i n  some d i r e c t i o n  (some s p e c i f i c  
v a l u e s  of f y  and W ), i t  w i l l  remain t i l t e d  so  t h a t  i t s  mean d i -  
r e c t i o n  i n  t h e  n e a r  f u t u r e  is i n  approximately t h e  same d i r e c t i o n  
as i t s  o r i g i n a l  o r i e n t a t i o n  due t o  i t s  i n e r t i a .  Hence w i t h i n  some 
s h o r t  t i m e  i n t e r v a l  t h e  no i se  cannot be cons idered  as white .  There- 
f o r e ,  f i n d i n g  a l a r g e  n i s  equiva len t  t o  b u i l d i n g  a p l a t fo rm which 
i s  l i g h t  i n  weight and w i t h  a smal l  time cons tan t  of response.  It 
i s  then  understood t h a t  t o  d iv ide  t h e  p la t form system i n t o  a p i l o t  
p l a t fo rm and load p l a t fo rm might be  an a t t r a c t i v e  a l t e r n a t i v e .  

The main conclus ions  t h a t  can b e  drawn thus  f a r  are summarized 
below. 

It has  been shown t h a t  a n o n - i n e r t i a l  r e f e r e n c e  frame i s  f e a s -  
i b l e  f o r  s u r f a c e  nav iga t ion .  The r e fe rence  frame a l i g n s  i t s  axes  
w i t h  t h e  l o c a l  ver t ica l ,  l o c a l  n o r t h  and l o c a l  east. With t h i s '  
set of coord ina te s  a dead reckoning type  of nav iga t ion  can  be used 
u t i l i z i n g  d i s t a n c e  measurements ob ta inab le  from t h e  rover  wheel 
v a r i a n t .  An e r r o r  a n a l y s i s  of t h i s  system has been made w i t h  t h e  
recommendation t h a t  t h e  su r face  nav iga t ion  system be  p e r i o d i c a l l y  
r e - i n i t i a t e d  because i t s  e r r o r  grows w i t h  d i s t a n c e  t r ave led .  

The f u t u r e  work i n  t h e  a r e a  of s u r f a c e  nav iga t ion  w i l l  concern 
i t s e l f  w i th  landmark naviga t ion  and, i n  p a r t i c u l a r ,  w i t h  s t e r e o -  
s cop ic  maps of t h e  su r face .  

Task C.1.c. Prel iminary Design of  An Automatic Device f o r  t h e  
Location of the Pole S t a r  and/or  True Pole  of Mars 
Facul ty  Advisor: Prof.  C. N .  Shen 

For s u r f a c e  nav iga t ion  of an unmanned v e h i c l e  on t h e  p l a n e t  
Mars, t h e  l o c a t i o n  of t h e  Martian po le  s t a r  can  be used t o  he lp  
gene ra t e  t h e  needed re ference  frames. Since an unmanned v e h i c l e ' s  
i n i t i a l  s u r f a c e  o r i e n t a t i o n  i s  unknown, t h e r e  would be some 
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d i f f i c u l t y  i n  l o c a t i n g  t h e  po le  star.  The o b j e c t  of t h i s  t a s k  
is to des ign  an  automatic  system f o r  ' t h e  unmanned v e h i c l e  whose 
purpose i s  t o  l o c a t e  t h e  pole  s ta r  of Mars and t o  supply t h i s  
in format ion  t o  t h e  nav iga t iona l  equipment. 

The automatic  system opera tes  on t h e  concept  t h a t  i f  a unique 
,. group of stars can  be  found i n  t h e  heavens,  a geometr ica l  r e l a t i o n -  

t h e  l o c a t i o n  of t h e  po le  star. Th i s  is accomplished through t h e  
use of  a p a t t e r n  r ecogn i t ion  system. 
p r o j e c t  ope ra t e s  on t h i s  p r i n c i p l e  and w i l l  l o c a t e  t h e  po le  s tar  
and/or  any p o i n t  i n  t h e  heavens des i r ed .  The po le  s tar  l o c a t i o n  
genera ted  by t h e  system is  more than  a c c u r a t e  enough f o r  most navi -  
g a t i o n a l  needs.  

' s h i p  can  b e  de r ived  from t h i s  group t h a t  allows t h e  gene ra t ion  of 

The system designed i n  t h i s  

(1) I d e n t i f i c a t i o n  of  t h e  Pole S t a r  and t h e  approach f o r  i t s  
loca t ion .  The determinat ion of c e l e s t r i a l  coo rd ina te s  of t h e  
p o l e  of Mars and t h e  mathematical  approach t o  l o c a t i o n  of 
p o l e  star and/or  t r u e  po le  of Mars has  been descr ibed  i n  
References 15 and 25. 

(2) Descr ip t ion  of b a s i c  s t a r  l o c a t i n g / t r a c k i n g  device.  The 
b a s i c  device  f o r  l o c a t i n g  and then  t r a c k i n g  a b ina ry  r e f e r -  
ence  s tar  is  i l l u s t r a t e d  i n  F ig .  35. 

( a )  Telephoto l ens  -- The t e l e p h o t o  l e n s  i s  used t o  
g a t h e r  l i g h t  from a l l  stars i n  a s p e c i f i c  angular  f i e l d  
of view (about 2O),  determined by t h e  l e n s  cons t ruc t ion ,  
and t o  d i r e c t  it i n t o  a s m a l l  f o c a l  plane.  Ins tead  of 
p ick ing  up a l l  o b j e c t s  i n  i t s  f i e l d  of view wi th  equa l  
i n t e n s i t y ,  as i s  common i n  t e l e p h o t o  l e n s e s ,  t h i s  l e n s  
i s  cons t ruc t ed  i n  such a manner t h a t  a s t a r  i n  t h e  c e n t e r  
of i t s  f i e l d  w i l l  be  picked up as a s l i g h t l y  g r e a t e r  i n -  
t e n s i t y  image than a s t a r  of equa l  magnitude on t h e  edge 
of i t s  f i e l d .  The reason f o r  t h i s  w i l l  be  explained later. 

(b) 
from t h e  t e l epho to  l ens  and forms it intn a t i g h t l y  c o l -  
l imated  l i g h t  beam. 

Coll imator  -- The c o l l i m a t o r  t akes  t h e  l i g h t  emerging 

(c )  Prism --- Upon leaving  t h e  c o l l i m a t o r ,  t he  l i g h t  beam 
encounters  a p r i s m  made of dense f l i n t  g l a s s ,  forming a 
r i g h t  ang le  wi th  t h e  p r i s m  f a c e  f i r s t  m e t .  
t h e  prism, t h e  l i g h t  beam d ive rges  as an immediate r e s u l t  
of t h e  v a r i a t i o n  of the r e f r a c t i v e  index of t h e  o p t i c a l  
g l a s s  w i t h  wavelength. 
angu la r  s epa ra t ion  of 1.65' degrees  between t h e  two ex- 
tremes i n  t h e  v i s i b l e  spectra. 

Upon l eav ing  

There w i l l  be  an approximate 

(d) Mirrored o p t i c a l  pa th  -- To o b t a i n  a d i s t a n c e  of 
s e p a r a t i o n  of about two c e n t i m e t e r s  between the  two ex- 
t r e m e  wavelengths,  an o p t i c a l  pa th l eng th  of about 0.7 
meters i s  requi red .  T h i s  i s  accomplished through t h e  u s e  
of a mir rored  box, i n t o  which t h e  emerging beam from t h e  
pr i sm e n t e r s .  In s ide  t h e  box, t h e  d ive rg ing  beams of l i g h t  
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are r e f l e c t e d  along an  o p t i c a l  pa th  of t h e  d e s i r e d  l eng th  
and a t  t h e  end of t h i s  pa th  they  leave t h e  box and f a l l  
upon a one dimensional a r r a y  of l i g h t  s e n s i t i v e  devices .  
Thus a h igh  i n t e n s i t y  l i g h t  beam has  been d i spe r sed  a long  
a l i g h t  s e n s i t i v e  a r r a y  g iv ing  a d i s t r i b u t i o n  of l i g h t  in -  
t e n s i t y  r e l a t e d  t o  t h e  d i s t r i b u t i o n  of wavelength i n  t h e  
o r i g i n a l  beam, a t  a c o s t  of having less l i g h t  i n t e n s i t y  p e r  
u n i t  area than  t h e  o r i g i n a l  beam (though t h e  t o t a l  l i g h t  
i n t e n s i t y  i s  c o n s t a n t ) .  

. .  

(e) Photo-detector  -- 
1. Background m a t e r i a l .  The t i m e  rate of l i g h t  energy 

i s  r e f e r r e d  t o  as luminous f lux .  The luminous f l u x  i s  t h e  
c h a r a c t e r i s t i c  of r a d i a n t  energy which produces v i s u a l  sen- 
s a t i o n .  The u n i t  o f  f l u x  i s  t h e  lumen, which i s  t h e  f l u x  
emi t ted  i n  a u n i t  s o l i d  ang le  by a uniform p o i n t  source  of 
one candela ,  which produces a t o t a l  luminous f l u x  of 4 
lumens, Reference 21. 

I n  measuring s t e l l a r  magnitudes p h o t o e l e c t r i c a l l y ,  t h e  f l u x  
i n  lumens L from a star of magnitude Mwhich i s  rece ived  by 
a t e l e scope  having a diameter of d inches can  b e  expressed 
as fo l lows:  

2.5 10glo(L) = 7.57 - 30 f 5 log  (d) -M 10 

For a t e l e scope  wi th  a diameter  of f i v e  inches  and a s t a r  
of magnitude t h r e e ,  L = 1.68 x 10’’ lumens, Reference 21. 

2. Comparison of Photo-Detectors. To f i n d  a photo- 
d e t e c t o r  which would perform s a t i s f a c t o r i l y  wi th  t h i s  
magnitude of luminous f l u x ,  a s tudy of pho tode tec to r s  was 
performed. The approximate range of power o r  luminous f l u x  
f o r  which v a r i o u s  types of d e t e c t o r s  are u s e f u l  i s  given * 

i n  Reference 22. 

3. Limi ta t ions  on Desired Photo-Detector.  A s  a r e s u l t  
of t h i s  s tudy ,  it w a s  decided t o  use s i l i c o n  photo junc t ion  
cells .  Assuming an 8% l o s s  of i n t e n s i t y  i n  t h e  t e l e p h o t o  
l e n s ,  4% i n  t h e  co l l ima to r ,  2% i n  t h e m i r r o r e d u n i t  and 1% 
i n  t h e  pr ism,  t h e  photojunct ion c e l l s  are s t i l l  capable  of 
handl ing  t h e  job. A s i l i c o n  photodiode i s  b a s i c a l l y  a p-n 
j u n c t i o n ,  e x h i b i t i n g  anonohmiccharacteristic. Reverse 
b i a s i n g  t h e  ce l l ,  it opera tes  as a photoconductive device 
and i t s  ou tpu t  i s  developed ac ross  a series load r e s i s t o r .  
In  pho to -vo l t a i c  a p p l i c a t i o n s ,  t h e  c e l l  i s  used t o  convert  
r a d i a n t  power d i r e c t l y  i n t o  e lec t r ica l  power. Due t o  i t s  
g r e a t e r  s e n s i t i v i t y ,  t he  photoconductive mode of ope ra t ion  
w i l l  be  used, References 21, 22 and 23. 

A f t e r  a d iscuss ion  w i t h  s t a f f  members i n  t h e  
E lec t rophys ic s  Department a t  R .P . I . ,  it w a s  decided t h a t  
i f  t h e r e  was  no need t o  worry about impulses of l i g h t  and 
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the r e s u l t i n g  t r a n s i e n t s ,  i.e., t h e  s tar  i s  viewed f o r  
1 msec o r  more, and t h e  device  is  opera ted  a t  a low 
c u r r e n t  level, a one dimensional a r r a y  of d iodes  may 
be f a b r i c a t e d  having a diode width of approximately 
. 2  m i l / u n i t .  
cen t ime te r s  long could  con ta in ,  i f  d e s i r e d ,  approxi-  
mate ly  fou r  thousand u n i t s ,  w i t h  t h e  leads  coming in  
from above and below the  a r ray .  

Thus a one dimensional a r r a y  t h a t  is  two 

Assuming t h a t  an a r r a y  of photo junc t ion  cells 
may be f a b r i c a t e d  t o  ope ra t e  a t  a level of lumens, 
t h e  number of  e lements  i n  t h e  a r r a y  i s  l i m i t e d  by t h e  
minimum amount of  l i g h t  r equ i r ed  by one u n i t .  Using t h e  
assumed losses i n  t h e  o p t i c a l  devices ,  

: 1450 u n i t s  (1.68xlO-’) x .92 x .96 x .98 x .99 lumens 

lumens / u n i t  

t h e  l i m i t  would thus  be a 1450 u n i t  a r r ay .  Since t h e r e  i s  
a spread  of approximately t h r e e  thousand angstroms over  
the range  of interest ,  t h e  number of u n i t s  i n  t h e  a r r a y  i s  
a r b i t r a r i l y  chosen a s  f i v e  hundred. 

4. Operat ion of Photo-Detector.  For a f i r s t  check 
on t h e  i d e n t i t y  of t h e  observed s t a r ,  t h e  ou tpu t s  of a l l  
t h e  a r r a y  elements  are summed and t h i s  sum i s  r e l a t e d  t o  
t h e  s t a r ’ s  magnitude. If t oo  low a magnitude i s  i n d i c a t e d ,  
t h e  s t a r  i s  r e j e c t e d  and t h e  device  w i l l  begin scanning f o r  
ano the r  star. I f  t h e  magnitude i s  g r e a t  enough, t h e  output  
from each a r r a y  element i s  compared a g a i n s t  predetermined 
s tandards’  corresponding t o  each o€ the d e s i r e d  reference 
stars d i spe r sed  spec t r a .  I f  t h e  observed s p e c t r a  does n o t  
correspond t o  one of the  preprogrammed s p e c t r a ,  t h e  s tar  is  
r e j e c t e d  and t h e  device  w i l l  beg in  scanning f o r  ano the r  
s t a r .  I f  t h e  spectra does correspond t o  t h a t  of one of t h e  
b i n a r y  r e f e r e n c e  s t a r s ,  a d i g i t a l  s i g n a l  i d e n t i f y i n g  t h e  
s t a r  w i l l  b e  genera ted  and a s i g n a l  w i l l  be  s e n t  t h e  s tar  
t r a c k e r  u n i t  t o  main ta in  t h e  l o c a t i o n  of t h i s  star.  ’ 

(f) Pos i t ion ing  dev ice  f o r  t r a c k i n g  of r e f e r e n c e  stars -- 
The s ta r  t r a c k i n g  u n i t ,  upon r ece iv ing  t h e  t r a c k  s i g n a l  
w i l l  move i n t o  place between the  t e l e p h o t o  l e n s  and t h e  
co l l ima to r .  It w i l l  proceed t o  p o s i t i o n  t h e  s tar  a t  t h e  
o p t i c a l  c e n t e r  of t h e  t e l epho to  l e n s ,  t h e  p o i n t  where t h e  
e f f e c t i v e  i n t e n s i t y  of t h e  s t a r  w i l l  be  t h e  g r e a t e s t  (due 
t o  t h e  c o n s t r u c t i o n  of t h e  l e n s ) .  This  w i l l  be  accomplished 
through t h e  use  of a segmented, l i g h t  s e n s i t i v e  d i s k  (CdS). 
Constructed of f o u r  i d e n t i c a l  wedgeshaped segments, t h e  out -  
p u t  of each segment i s  r e l a t e d  t o  t h e  i n t e n s i t y  of l i g h t  
i n c i d e n t  upon it. Through t h e  use  of a servo-mechanism 
system, t h e  d i r e c t i o n  of t h e  t e l e s c o p i c  l e n s  i s  ad jus t ed .  
t o  g ive  equa l  ou tpu t s  from a l l  segments cor responding  t o  
equal  l i g h t  i n t e n s i t i e s  on a l l  fou r  segments. This  occurs  
when t h e  s t a r  i s  e x a c t l y  cen te red  i n  t h e  device .  
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(3) Locat ion of Pole  S t a r .  

(a) Location of second r e f e r e n c e  star -- Once t h e  f i r s t  
r e f e r e n c e  s tar  i s  located,  a modif ied sweep p a t h  w i l l  be  
used t o  l o c a t e  t h e  second r e f e r e n c e  star. 
i d e n t i c a l  w i t h  t h e  f i r s t  one j u s t  desc r ibed  w i l l  be  .. 
p o s i t i o n e d  a t  an ang le ,  w i th  respect t o  t h e  f i r s t  u n i t ,  
equa l  t o  t h e  angular  s epa ra t ion  between t h e  a l r e a d y  loca- 
t e d  (now known) ' reference s t a r  and one of t h e  o t h e r  two 
r e f e r e n c e  s t a r s .  The second u n i t  w i l l  sweep a c o n s t a n t  
r a d i u s  c i r c u l a r  p a t h  around t h e  f i r s t  u n i t .  
r e f e r e n c e  s tar  is  loca ted  and i d e n t i f i e d ,  t h e  second u n i t  
w i l l  t r a c k  it and thus  main ta in  i t s  loca t ion .  I f  it is  
n o t  found, t h e  ang le  of t h e  f i r s t  u n i t ,  w i t h  r e s p e c t  t o  t h e  
second u n i t ,  w i l l  be changed t o  equal  t h e  angu la r  s e p a r a t i o n  
between t h e  a l r eady  found r e f e r e n c e  star and t h e  remaining 
r e f e r e n c e  star.  The modified sweep pa th  w i l l  aga in  be  used, 
now l o c a t i n g  and i d e n t i f y i n g  t h e  second r e f e r e n c e  star.  

A second u n i t ,  

. 

I f  t h e  second 

(b) Generat ion of t h e  l o c a t i o n  of t h e  Pole  S ta r  and/or  
t r u e  Pole  from l o c a t i o n s  of r e f e r e n c e  s t a r s  -- Having 
loca ted  and i d e n t i f i e d  two r e f e r e n c e  stars,  i t  is neces-  
s a r y  t o  use  them t o  l o c a t e  e i t h e r  t h e  p o l e  star o r  t h e  
p o i n t  i n  t h e  heavens over t h e  t r u e  pole .  The two s tar  
l o c a t i n g  u n i t s  are mounted on a p l a t fo rm on t h e  roving  
v e h i c l e .  They are gimballed t o  move i n  t w o d i r e c t i o n s  only,  
one d i r e c t i o n  being p a r a l l e l  t o  and t h e  o t h e r  be ing  i n  a 
p l ane  pe rpend icu la r  t o  t h e  s u r f a c e  of the  p la t form.  A 
f i c t i t i o u s  r e f e r e n c e  frame, xyz, i s  e s t a b l i s h e d  on t h e  p l a t -  
form. 

In  t h e  s t a r  c h a r t s ,  t h e  r i g h t  ascens ion  and dec l ina -  
t i o n  of a s ta r  i s  measured w i t h  r e s p e c t  t o  a s p e c i f i c  v e r n a l  
equinox, Reference 24. Since  t h i s  i s  a r e l a t i v e  measurement, 
t h e  r i g h t  ascens ion  and d e c l i n a t i o n  of t h e  r e f e r e n c e  s t a r s  
can be measured wi th  r e spec t  t o  t h e  p o i n t  i n  t h e  sky where 
t h e  f i c t i t i o u s  y a x i s  is  d i r e c t e d  towards a t  a s p e c i f i c  t i m e .  
I f  t h i s  i s  done, t h e  angular  measurement of t h e  gimbal i n  t h e  
xy p lane  corresponds t o  t h e  r i g h t  ascens ion  and t h e  angular  
measurement of t h e  remaining gimbal corresponds t o  t h e  dec l ina -  
t i o n  of t h e  r e f e r e n c e  s t a r  i n  terms of t h i s  f i c t i t i o u s  frame. 
Knowing t h e  r i g h t  ascensions and d e c l i n a t i o n s  of t h e  two r e f e r -  
ence stars i n  t h i s  f i c t i t i o u s  r e f e r e n c e  frame, it i s  p o s s i b l e  
t o  compute t h e  r i g h t  ascension and d e c l i n a t i o n  of t h e  po le  s tar ,  
(o r  p o i n t  i n  t h e  heavens) w i th  r e s p e c t  t o  t h i s  frame. S ince  t h e  
rest of t h e  nav iga t ion  package i s  a l s o  loca ted  on t h i s  p la t form,  
t h i s  g ives  t o  it t h e  needed l o c a t i o n  of t h e  po le  s t a r .  

( c )  Pole S t a r  l o c a t i o n  e r r o r  -- E r r o r s  i n  t h e  l o c a t i o n  of 
t h e  two b i n a r y  r e fe rence  stars w i l l  r e s u l t  i n  an e r r o r  i n  t h e  
genera ted  l o c a t i o n  of  t h e  po le  s t a r  and/or  t r u e  po le .  Con- 
s i d e r i n g  t h e  f a b r i c a t i o n  techniques  of today, t h e  r e f e r e n c e  
s t a r s  should be  loca ted  by t h e  l o c a t i n g / t r a c k i n g  device  t o  
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less than  0.1 degrees  of t h e i r  c o r r e c t  ' locat ions.  I n t r o -  
ducing these e r r o r s  w i l l  r e s u l t  in t h e  gene ra t ion  of a p o l e  
s t a r  l o c a t i o n  t h a t  should be w e l l  w i th in  t h e  t o l e r a n c e s  f o r  
most n a v i g a t i o n a l  needs, Reference 25. 

(4) Conclusion. The nav iga t iona l  approach t o  l o c a t i n g  t h e  po le  
star and/or  t r u e  po le  using b ina ry  r e fe rence  stars is  f e a s -  
i b l e ,  genera t ing  t h e  pole  star l o c a t i o n  e x a c t l y  i f  t h e  r e f e r -  
ence star l o c a t i o n s  a r e  exac t  and n o t  gene ra t ing  unreasonable  
e r r o r s  i n  t h e  po le  s tar  l o c a t i o n  f o r  s m a l l  e r r o r s  i n  t h e  re- 
f e rence  s t a r  l o c a t i o n s .  
shown i n  t h e  body of t h i s  r e p o r t  t o  be capab le  of ope ra t ing  on 
t h e  l i g h t  i n t e n s i t y  emit ted by t h e  r e fe rence  s t a r s .  
r e f e rence  s t a r  i s  loca ted ,  t h e  method f o r  main ta in ing  i t s  loca-  
t i o n  and gene ra t ing  i t s  coord ina te s  i n  t h e  v e h i c l e  r e f e r e n c e  
frame i s  e a s i l y  app l i ed  wi th  a high degree of accuracy,  be ing  
l imi t ed  by f a b r i c a t i o n  techniques.  

The p a t t e r n  r ecogn i t ion  system i s  

Once t h e  

Looking a t  t h e  t o t a l  system, a pole  s t a r  l o c a t i o n  e r r o r  of 
less than one t e n t h  (0.1) of a degree should be  e n t i r e l y  
f e a s i b l e  i f  c a r e  i s  taken i n  the  c o n s t r u c t i o n  of t h e  system 
and i f  t h e  p la t form o n w h i c h  i t  i s  mounted i s  kept  reasonably 
s t a b l e  wi th  r e spec t  t o  t h e  Martian sur face .  

Task C.1.d. Local V e r t i c a l  Sensor -- Mark Rodamaker 
Facul ty  Advisor: Prof.  C. N .  Shen 

One of t h e  requirements of t h e  v e h i c l e  nav iga t ion  system des- 
c r i b e d  under Task C.1.b. is a subsystem capable  of d e f i n i n g  t h e  l o c a l  
v e r t i c a l .  The o b j e c t i v e  was t o  design an accu ra t e ,  d i s tu rbance  i n -  
s e n s i t i v e ,  and phys ica l ly  r e a l i z a b l e  device ,  The gyro pendulum, 
shown i n  F igure  36, was chosen because i t  could be tuned t o  produce 
v e r y  s m a l l  e r r o r s  even when l a r g e  inpu t s  of v e l o c i t y ,  a c c e l e r a t i o n  
and j e r k  ( i . e .  a c c e l e r a t i o n  of a c c e l e r a t i o n )  were t o  be  encountered. 

The f i n a l  des ign  c a l l s  f o r  a t h i n  d i s k  r o t o r  of r a d i u s  2 cm. 
sp inning  a t  188,000 r p m  w i t h  a c.g.  t o  gimbal a x i s  o f f s e t  ( r )  of 

0.0535 cm. I f  a v a l u e  of 3.66 2 i s  assumed f o r  t h e  mar t ian  
g r a v i t a t i o n a l  a c c e l e r a t i o n ,  t he i e fhese  parameters p r e d i c t  8 n a t u r a l  
p recess iona l  frequency, OL of 10-3 r ad ians  . 

sec  b y  

The a n a l y t i c  equat ions  of a gyro pendulum, (eqns. ( 2 )  and (3)  
of References 15, 26 may be expressed i n  terms of da and t h e  inpu t s  

- mx , where m i s  t h e  m a s s  of t h e  r o t o r ,  g i s  t h e  Mart ian i f  - 
g r a v i t a t i o n ,  r i s  t h e  o f f s e t  and H i s  t h e  angular  momentum of t h e  
r o t o r .  The inpu t s  a r e  t h e  v e l o c i t y ,  a c c e l e r a t i o n  and j e r k  components 
i n  t h e  h o r i z o n t a l  plane.  I f  t h e s e  inpu t s  can be  found o r  approxima- 
t e d ,  then t h e  performance of t h e  gyro pendulum i s  s p e c i f i e d .  Since 
t h e  t r u e  inpu t s  which are r e l a t e d  t o  the  v e h i c l e ' s  v e l o c i t y  and sus-  
pension system and t h e  t e r r a i n  a r e  mainly unknown q u a n t i t i e s  a t  t h i s  
t ime,  i t  w a s n e c e s s a r y t o  estimate t h e  inpu t s  based on an approximate 
v e h i c l e  v i b r a t i o n  technique.  By September of 1971, however, b e t t e r  
v a l u e s  may be a v a i l a b l e  a s  t he  RPI MRV v e h i c l e  dynamic s imula t ion  

H 
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THE GYRO PENDULUM 

Figure 3 6 .  
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a n a l y s i s  i s  p r e s e n t l y  underway. A t . t h e  p r e s e n t  time, t h e  fol low- 
ing maximum va lues  were chosen: 

v =  max .445 m/sec 

2 a = 8 m / s e c  m a x  

3 j e r k  = 144 m/sec m a x  

These i n p u t s  were assumed t o  b e  impulsive t o  permit  a reasonable  
s o l u t i o n  of t h e  a n a l y t i c a l  equat ions ,  Furthermore,  t h e  impulse mode 
r e p r e s e n t s  a wors t  case. With t h e s e  estimates a maximum e r r o r  of 

-3 r a d i a n s  1.39' i s  p r e d i c t e d  i f  W 10 8 =  sec. 

Almost a l l  of t h i s  e r r o r  w a s  due t o  t h e  j e r k  t e r m .  This  term 
i s  probably t h e  least  accura te  of t h e  inpu t  terms which is  un fo r tuna te .  
I n  a c t u a l  ope ra t ion ,  e r r o r s  would probably be  less than  0.1' due mainly 
t o  t h e  f a c t  t h a t  a p o s i t i v e  j e r k  must be fol lowed by a n e a r l y  i d e n t i c a l  
n e g a t i v e  j e r k  and vice versa wi th  a q u i t e  s h o r t  t i m e  i n t e r v a l  between 
them. The n e t  response is the sum of t h e  two responses  which should b e  
v e r y  s m a l l  compared t o  t h e  maximum ampli tude of one response by i t s e l f .  
Th i s  i s  v e r y  low d i s tu rbance  s e n s i t i v i t y  and a p p e a r s  t o  s a t i s f y  t h e  
o b j e c t i v e  of t h e  pre l iminary  design.  

Once a p re l imina ry  l o c a l  ver t ica l  senso r  w a s  f i x e d ,  work w a s  ex- 
tended i n t o  t h e  area of p la t form des ign  s i n c e  t h e  t a s k  of p rov id ing  a 
l o c a l  ve r t i ca l  w a s  only a subtask t o  p rov id ing  a ve r t i ca l  p l a t fo rm 
f o r  t h e  n a v i g a t i o n  package. T i m e  w a s  t o o  s h o r t  f o r  an  a n a l y s i s  of t h e  
e n t i r e  system, . bu t  conceptual p l ans  were made which should p o i n t  t h e  
way f o r  f u t u r e  work. 

One outcome of t h i s  b r i e f  i n v e s t i g a t i o n  i s  t h a t  i t  would b e  d e s i r -  
a b l e  i f  a p l a t fo rm w i t h i n  a p la t form could  be  cons t ruc t ed .  This  
arrangement i s o l a t e s  t h e  gyro pendulum from t h e  g ross  r o t a t i o n s  of t h e  
v e h i c l e  i f  t h e  gyro pendulum i s  mounted on t h e  i n n e r  platform.  A s  
shown i n  F igure  37,  t h e  input  t o  t h e  gyro  p l a t fo rm i s  t h e  e r r o r  i n  t h e  
n a v i g a t i n g  p l a t fo rm which should b e  much smaller than  t h e  r o t a t i o n  of 
t h e  v e h i c l e .  Also,  t h e  input  t o  t h e  gyro pendulum i s  only t h e  e r r o r  
i n  t h e  gyro p l a t fo rm which is  due t o  t h e  p rev ious ly  reduced inpu t  from 
t h e  nav iga t ion  platform.  In a d d i t i o n ,  t h e r e  are many a d j u s t a b l e  para-  
meters i n  t h e  sys temwhich  should a l low h igh  degree of accuracy when 
t h e  system i s  f i n a l l y  b u i l t ,  
t o  demonstrate  one way of arranging t h e  components. 

The e n t i r e  system i s  shown i n  F igu re  38 

In conclus ion  t h e  t a s k  of des igning  a l o c a l  ve r t i ca l  i n d i c a t i n g  
dev ice  has  been accomplished. The r e s u l t i n g  des ign  appears  f e a s i b l e  
t o  c o n s t r u c t  and h i g h l y  accurate i n  ope ra t ion .  Fu r the r  ref inement  of 
system accuracy and parameters may be  p o s s i b l e  when t h e  ope ra t ing  
environment i s  b e t t e r  def ined.  Eventua l ly ,  t h i s  device  must be con- 
s t r u c t e d  and a l l  t h e  phys ica l  problems inhe ren t  i n  meet ing t h e  
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s p e c i f i c a t i o n s  must b e  solved. This  a c t u a l  p h y s i c a l  c o n s t r u c t i o n  
a long  w i t h  cont inued p la t form s tudy  should comprise t h e  m a j o r i t y  
of f u t u r e  work on t h i s  t a s k ,  

Task C.2. Ter ra in  Modeling and Path S e l e c t i o n  - A. M. Raut io ,  C. P a v a r i n i  
Facu l ty  Advisor;  Prof. S.  Yerazunis 

I 

It i s  d e s i r e d  t h a t ,  once landed, t h e  v e h i c l e  be a b l e  t o  pro-  
ceed autonomously from t h e  landing s i t e  t o  predetermined l o c a t i o n s  
on t h e  mar t ian  sur face .  
a system by which t h e  v e h i c l e  w i l l  be  a b l e  t o  sense  t h e  t e r r a i n  i n  
t h e  d i r e c t i o n  of travel and t o  choose a s a f e  p a t h  toward a d i s t a n t  
o b j e c t i v e .  

This o b j e c t i v e  r e q u i r e s  t h e  development of 

P a s t  work i n  t h i s  t a s k  area has  produced a t e r r a i n  modeling 
system and pa th  s e l e c t i o n  algori thm involv ing  an i d e a l ,  d i s c r e t e ,  
l i n e - o f - s i g h t  e lec t romagnet ic  s enso r ,  Ref. 27. 

Beyond t h i s  p o i n t  t h e  fol lowing o b j e c t i v e s  were def ined:  

(1)  Determination of  the  e f f e c t  of g iven  amounts of 
s enso r  e r r o r  upon t h e  range d a t a  and subsequent ly  
on t h e  v e h i c l e ' s  concept ion of t h e  unknown t e r r a i n .  

(2)  Evaluat ion of t h e  e r r o r  s e n s i t i v i t y  of t h e  pa th  se- 
l e c t i o n  a lgor i thms s o  as t o  produce q u a n t i t a t i v e  
measures of v a l u e  whereby f u t u r e  alternative pa th  
s e l e c t i o n  a lgor i thms can  be  compared. The f a c t  t h a t  
choosing t h e  "best" pa th  i s  no  longer  a d e t e r m i n i s t i c  
matter when range informat ion  i s  obta ined  by an in-  
a c c u r a t e  sensor  i s  of prime importance i n  t h i s  phase 
of t h e  s tudy.  

(3)  Once t h e  impl ica t ions  of phases  (1) and (2)  have 
been drawn and s tud ied ,  t h e  gene ra t ion  of s enso r  
parameter  requirements  necessary  i n  o r d e r  t o  s u f f i -  
c i e n t l y  d e s c r i b e  an unknown t e r r a i n  can be undertaken. 

During t h e  f i r s t  h a l f  of t h e  y e a r ,  primary emphasis w a s  d i r e c -  
t e d  t o  t h e  f i r s t  of t h e s e  ob jec t ives .  A t  t h i s  t i m e ,  t h e  c r i t i c a l i t y  
of s h o r t  range t e r r a i n  sensing w a s  recognized and t h e  p r i o r i t y  of 
e f f o r t  w a s  turned t o  t h i s  task ,  postponing e f f o r t  on t h e  second and 
t h i r d  o b j e c t i v e s  de f ined  above. 

E f f e c t  of Sensor E r r o r s  on Long Range Te r ra in  Modeling 

. The e f f e c t  of sensor  e r r o r  on long range t e r r a i n  i n t e r p r e t a t i o n  
has  been descr ibed  i n  d e t a i l  i n  Ref.  28. 

In  b r i e f ,  azimuthal  angle  senso r  e r r o r s  were determined t o  be 
minor and emphasis was d i r e c t e d  p r i m a r i l y  t o  t h e  e v a l u a t i o n  of e leva-  
t i o n  angle  e r r o r s .  

I 
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I n i t i a l  work revea led  t h a t  e l e v a n t i o n  ang le  e r r o r s  g i v e  rise t o  
e r r o r s  i n  range  d a t a  whose magnitude i s  dependent upon: 

(1) The amount of e l e v a t i o n  angle  e r r o r .  

(2) The t e r r a i n  be ing  modeled. - .. 

Since a d e t e r m i n i s t i c  numerical  a n a l y s i s  w a s  imposs ib le  d u e ' t o  
t h e  dependence of t h e  r e s u l t i n g  g r a d i e n t  e r r o r s  upon t h e  type  of 
t e r r a i n  be ing  modeled, a computer program which s imula ted  t h e  v e h i c l e ' s  
d a t a  a c q u i s i t i o n  and t e r r a i n  modeling system was  w r i t t e n .  Two programs 
were cons t ruc t ed ,  t h e i r  d i f f e r e n c e  being t h e  method by which t h e  a c t u a l  
t e r r a i n  could be  inputed i n t o  t h e  s imula t ion .  Thei r  d e s c r i p t i o n  fo l lows:  

Continuously def ined t e r r a i n  - The s u r f a c e  i s  i n t r o -  
duced i n  t h e  form of a combination of gauss ian  h i l l s  
and i n c l i n e d  planes.  
compare t h e  ranging and g rad ien t  d a t a  obta ined  w i t h  
an  i d e a l  sensor ,  an imperfec t  sensor ,  and a c t u a l  
t e r r a i n  s lopes  and g rad ien t s .  

This  program enables  one t o  

Point-wise def ined t e r r a i n  - This  program makes u s e  
of  a t e r r a i n  model which can be generated through a 
contour  map on which the  sensor  l o c a t i o n  i s  chosen 
and azimuth l i n e s  a r e  drawn.  The i n t e r s e c t i o n  of 
t h e  azimuth l i n e s  and contour  l i n e s  are inputed i n t o  
t h e  s imula t ion  i n  terms of d i s t a n c e s  from t h e  senso r  
and e l e v a t i o n s  r e l a t i v e  t o  t h e  sensor ,  Consequently,  
t h e  t e r r a i n  i s  composed of a set  of connec t ing  poly-  
gons whose i n t e r s e c t i o n s  w i t h  senso r  beams can be 
computed exac t ly .  

Both programs enabled the use r  t o  in t roduce  sensor  inaccurac i e s  
i n  t h e  form of e l e v a t i o n  angle  alignment e r r o r  and imperfec t  range d e t e r -  
minat ion.  The e l e v a t i o n  angle  e r r o r  w a s  modeled by a normal d i s t r i b u t i o n  
of e r r o r  about t h e  c o r r e c t  angle .  This  w a s  be l i eved  t o  be a r ea l i s t i c  
s imula t ion  of t h e  inaccurac ies  of an a c t u a l  servo-mechanism, namely, 
(1) a D.C. o r  b i a s  e r r o r  which can be  accounted f o r ,  (2 )  a knowndis t r i -  
b u t i o n  of e r r o r  and ( 3 )  a completely random e r r o r .  In  t h e  case of t h e  
ranging  e r r o r ,  a l s o  modeled by a normal d i s t r i b u t i o n  about'  t h e  c o r r e c t  
va lue ,  t h e  s tandard  dev ia t ion  of t h e  e r r o r  w a s  made p ropor t iona l  t o  t h e  
range i t s e l f ,  t h e r e f o r e  s imula t ing  t h e  d e t e r i o r a t i o n  of accuracy w i t h  
inc reas ing  d i s t a n c e  from the  sensor .  

It w a s  concluded t h a t  by d iv id ing  a t e r r a i n  i n t o  i t s  p r i n c i p l e  com- 
ponents  and s tudying  t h e  e f f e c t  of s enso r  e r r o r s  on each,  an  i d e a  of t he  
inaccuracy p r e s e n t  i n  t h e  complete model of an unknown t e r r a i n  could be 
genera ted .  
t h e  h o r i z o n t a l  plane.  The computer s imula t ion  w a s  run  f o r  a sensor  he igh t  
o f  10 f e e t  and a maximum range c a p a b i l i t y  of 1500 f t .  Nine azimuth l i n e s  
w e r e  used (scan of 40 degrees '  w i t h  an e l e v a t i o n  scan of  03 r a d i a n s  
( - .0325 t o  -.0025 r ad ians  measured from t h e  h o r i z o n t a l ) .  Using an e leva-  
t i o n  increment of .0025 r ad ians ,  f i v e  ruhs were made w i t h  t h e  s tandard  
d e v i a t i o n  of t h e  normally d i s t r i b u t e d  e l e v a t i o n  ang le  e r r o r  t a k i n g  on 
v a l u e s  of 5%, lo%, 20%, 30%, 40% and 50% of t h e  increment angle .  

Hence, t h e  s tudy w a s  i n i t i a t e d  on t h e  s i m p l e s t  of a l l  t e r r a i n s ,  
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The d e v i a t i o n s  of t h e  r e s u l t i n g  g r a d i e n t  c a l c u l a t i o n s  w e r e  t a b u l a t e d  
and t h e  mean e r r o r  and s t anda rd  d e v i a t i o n  about  ze ro  were computed, 
Table 7. 

The i n a b i l i t y  t o  a f f i x  t o  the r e s u l t i n g  e r r o r s  in  t h e  g r a d i e n t  de- 
t e rmina t ion  any known d i s t r i b u t i o n  envelope presented  a major d i f f i c u l t y .  
I t  w a s  concluded t h a t  on ly  general  t r e n d s  could  b e  deduced from t h e s e  
s imula t ions  since an a c c u r a t e  p red ic t ion  of r e s u l t i n g  g r a d i e n t  e r r o r s  
would e n t a i l  considerably 'more s imula t ion  and computation t i m e .  Such a 
commitment does n o t  appear  advisable  a t  t h i s  t i m e  and an a l t e r n a t e  
approach appears  t o  have more p o t e n t i a l .  
of t h e  e l e v a t i o n  ang le  e r r o r  was changed t o  a "chopped" normal d i s t r i -  
bu t ion ,  whereby it w a s  assumed t h a t  a l l  e r r o r s  would f a l l  between - + 2 
s t anda rd  d e v i a t i o n s  from t h e  c o r r e c t  va lue .  

A s  an al ternat ive t h e  modeling 

Th i s  assumption, by e s t a b l i s h i n g  upper and lower bounds on t h e  
e r r o r ,  enabled wors t  case gradien t  e r r o r s  t o  be eva lua ted  f o r  t h e  case 
of a f l a t  t e r r a i n .  A wors t  ca se  t e r r a i n  w a s  cons t ruc t ed  u t i l i z i n g  t h e  
extreme va lues .  A s  can b e  seen i n  F igu re  39 e i t h e r  a p o s i t i v e  o r  nega- 
t ive  maximum of t h e  in-pa th  s lope e r r o r  could  be achieved. A wors t  case 
azimuth w a s  then concluded as being a jagged s u r f a c e  of a l t e r n a t i n g  pos i -  
t ive and nega t ive  in-pa th  s lopes .  In t h e  c ros s -pa th  s l o p e  c a l c u l a t i o n ,  
the wors t  case r e s u l t s  when both ad jacen t  azimuths are m i r r o r  images of 
t h e  azimuth a long  which t h e  grad ien t  c a l c u l a t i o n s  are be ing  computed. 
F u r t h e r  i n v e s t i g a t i o n  proved t h a t  t h e  wors t  case cross-pa th  s lope  w a s  
i d e n t i c a l  when e i t h e r  of t h e  two corresponding p o i n t s  on t h e  ad jacen t  
azimuth w e r e  used i n  t h e  ca l cu la t ions .  

Having genera ted  a worst  case t e r r a i n  model, t h e  extreme va lues  
u t i l i z e d  w e r e  then  s u b s t i t u t e d  back i n t o  t h e  g rad ien t  equa t ions ,  and t h e  
assumption w a s  made t h a t  t h e  small  ang le  approximations were v a l i d .  Worst 
case approximations f o r  t h e  p o s i t i v e  and nega t ive  in-pa th  s l o p e s  and t h e i r  
cor responding  c ross -pa th  s l o p e s  and gradier , t s  were C,E.cx gei:eratzd as h z c -  
t i o n s  of p 2, t h e  e l e v a t i o n  angle of t h e  p o i n t  whose gradient:  i s  be ing  
c a l c u l a t e d ,  A @  , t h e  e l e v a t i o n  angle  increment,  and (3- , t h e  s t anda rd  
d e v i a t i o n  of t h e  normal1 d i s t r i b u t e d  e l e v a t i o n  ang le  e r r o r ,  Table 8.' 

Upon i n v e s t i g a t i o n  t h e  fol lowing conclus ions  w e r e  made f o r  t h e  case 
of a f l a t  t e r r a i n :  

(1) The in-pa th  s lope  e r r o r  i s  l i n e a r l y  dependent upon 
6 2 ,  i n c r e a s i n g  as 2 becomes more nega t ive ,  t h a t  
i s ,  as t h e  d a t a  point  i n  ques t ion  moves c l o s e r  t o  
t h e  v e h i c l e .  

(2)  The c ross -pa th  slope e r r o r  i s  c o n s t a n t  w i t h  r e s p e c t  
to 8 2 -  

(3)  A s  a r e s u l t  of (1) and (2),  t h e  g r a d i e n t  e r r o r  i s  an 
i n c r e a s i n g  func t ion  of P 2 ( i n  t h e  nega t ive  d i r e c t i o n ) .  

(4 )  Upon t h e  p l o t t i n g  of t h e  magnitude of g r a d i e n t  e r r o r  
w i t h  v a r i o u s  e l eva t ion  ang le  increments and s tandard  
d e v i a t i o n s ,  i t  was noted t h a t  f o r  a given C 7  t h e  g ra -  
d i e n t  e r r o r  increases  as t h e  e l e v a t i o n  ang le  increment 
i s  decreased ,  t h a t  i s ,  when t h e  scanning mesh i s  
t i gh tened .  
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I / TABLE .7 

GRADIENT ERROR ANALYSES AS A FUNCTION OF SENSOR (ELEVATION ANGLE) ERROR 

Gradien t  E r r o r  Ana lys i s  - F l a t  Plane 

Normally d i s t r i b u t e d  e l e v a t i o n  a n g l e  a l ignment  e r r o r  

E l e v a t i o n  a n g l e  increment  (A@) = .0025 r a d i a n s  
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TABLE 8 

Worst - Case Approximat ions 

' of Gradient E r r o r s  

(Flat Terrain3 

Posi t ive  Btreme- 
2 6  (2 p2 - 49 
46- - - -A6 * 

I__ In - Path Slope ( S I ) . s  
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Work t o  t h i s  p o i n t  has  been conf ined  t o  t h e  a n a l y s i s  of e l e v a t i o n  
ang le  alignment e r r o r  when modeling a h o r i z o n t a l  f l a t  t e r r a i n .  
th i s  t e r r a i n  would appear t o  be i d e a l i s t i c a l l y  s imple,  i t  does r ep re -  
s e n t  a case of cons ide rab le  modeling d i f f i c u l t y .  
tqward t h e  sensor  (upgrades)  w i l l  i n c u r  less e r r o r  i n  t h e  g r a d i e n t  cal- 
c u l a t i o n s  than  t h e  f l a t  p lane  case. This  i s  due t o  t h e  f a c t  t h a t ,  f o r  
a c o n s t a n t  range of e r r o r  about t h e  c o r r e c t  e l e v a t i o n  a n g l e ,  r e s u l t i n g  
range d i f f e r e n c e s  between t h e  extreme cases of m a x i m u m  e r r o r  dec rease  
as t h e  s l o p e  of t h e  p l ane  i s  increased .  Conversely,  down-grades repre- 
s e n t  t e r r a i n s  on which e r r o r  w i l l  r e s u l t  i n  even g r e a t e r  m i s i n t e r p r e t a -  
t i o n  than  i n  t h e  case of t h e  f l a t  t e r r a i n .  

Although 

Planes  which s l o p e  

Imperfect  ranging does n o t  induce e r r o r s  which are dependent upon 
the t e r r a i n  i t s e l f  as i n  t h e  e l e v a t i o n  ang le  case. Ranging e r r o r  i s ,  
however, dependent upon t h e  r e s o l u t i o n  of t h e  laser beam, which i s  i n  
f a c t  a func t ion  of t h e  phys ica l  c h a r a c t e r i s t i c s  of t h e  t e r r a i n .  The 
s imula t ion  of  t h i s  dependence was n o t  a t tempted i n  t h i s  s tudy.  There- 
f o r e ,  i t  can be  concluded t h a t  i f  t h e  range c a p a b i l i t i e s  of t h e  senso r  
decay l i n e a r l y  w i t h  d i s t a n c e  fr% t h e  sensor ,  t h e  r e s u l t i n g  e r r o r  i n  
g r a d i e n t  c a l c u l a t i o n s  are analogous i n  form t o  those  determined i n  t h e  
a n a l y s i s  of t h e  e l e v a t i o n  ang le  alignment e r r o r .  However, i f  it i s  
cons idered  t h a t  t h e  range de termina t ion  accuracy i s  r e l a t i v e l y  c o n s t a n t  
w i t h i n  a given range,  then  t h e  decay of g r a d i e n t  in format ion  i s  more 
r a p i d  as senso r  readings  are taken c l o s e r  t o  t h e  veh ic l e .  

Shor t  Range T e r r a i n  Modeling 

The a b i l i t y  of an autonomous roving  v e h i c l e  t o  pursue an e x p l o r a t i o n  
of t h e  p l a n e t  Mars depends on the development of an e f f e c t i v e  s h o r t  range 
t e r r a i n  modeling system app l i cab le  i n  t h e  range of 3 t o  30 meters from t h e  
v e h i c l e .  Such a system which would sea rch  f o r  o b s t a c l e s  and o t h e r  hazards  
would have t o  b e  compatible  wi th  t h e  long range t e r r a i n  modeling and p a t h  
s e l e c t i o n  system. 

Although i t  had been hoped t h a t  a system analogous t o  t h e  long range  
system descr ibed  above might be e f f e c t i v e ,  t h e  fo l lowing  d e f i c i e n c i e s  were 
noted  : 

1. The system was over ly  s e n s i t i v e  t o  both  e l e v a t i o n  
ang le  and ranging e r r o r s  a t  s h o r t  d i s t a n c e s .  

2. The g r a d i e n t  ou tputs  w e r e  i n a c c u r a t e  and of l i t t l e  
v a l u e  s i n c e  f o r  a f i x e d  e l e v a t i o n  ang le  increment,  
t h e  d a t a  p o i n t s  were sepa ra t ed  by f r a c t i o n s  of meters. 

While some of t h e  def ic iency  could  be  e l imina ted  by a d j u s t i n g  t h e  
e l e v a t i o n  ang le  increment,  it had t h e  disadvantage of reducing  t h e  amount 
of t e r r a i n  informat ion  gathered.  A s  an a l t e r n a t i v e ,  i t  was decided t h a t  
a new approach t o  d e f i n e  t h e  c h a r a c t e r  of t h e  t e r r a i n  would be more f r u i t -  
f u l .  

The o b s t a c l e s  t o  be considered.  i nc lude :  

1. Obtrusions -- involving c r i t i c a l  c l ea rances  such as 
bou lde r s  and steps. 
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2. Depressions -- involving excessive s lopes ,  c r e v i c e s .  

3. Slopes  -- involving g r a d i e n t s  exceeding v e h i c l e  
c l imbing a b i l i t y  o r  s t a b i l i t y  l i m i t s .  

4. S o i l  c h a r a c t e r i s t i c s  -- a hazard which cannot be  de- 
t e c t e d  by a sensor  such as a l a s e r r a n g e f i n d e r .  

The o r i g i n a l  t e r r a i n  hode l ing  system concent ra ted  on t h e  d e t e c t i o n  
of s lopes .  In  t h e  s h o r t  range case, t h e  system must be  a b l e  t o  d e t e c t  
o b t r u s i o n s ,  dep res s ions  as w e l l  a s  unacceptable  s lopes .  For t h e  purposes  
of t h i s  s tudy ,  o b s t a c l e  c r i t e r i a  were based on t h e  MRV desc r ibed  under 
Task A. A maximum s t e p  of 0.5 meters and a maximum crevice width  of 1 
meter were assumed. The ques t ion  of s lope  de te rmina t ion  has  been d e f e r r e d  
f o r  l a t e r  cons ide ra t ion .  

, 

The rationale behind t h e  proposed scheme i s  t o  determine t h e  r e l a t i o n -  
s h i p  between s e q u e n t i a l  range measurements and t h e i r  i n t e r p r e t a t i o n  as t o  
t h e  e x i s t e n c e  of an obs t ac l e .  

To d e t e c t  t h e  e x i s t e n c e  of a s t e p  o b s t a c l e ,  a t  l e a s t  two beams must 
s t r i k e  t h e  s t e p  w i t h  t h e  next  beam touching t h e  upper edge of t h e  s t e p  as 
a minimum, F igure  40. With t h i s  a s  a c r i t e r i - o n  and assuming l e v e l  t e r r a i n  
and a t h r e e  m e t e r  s enso r  h e i g h t ,  an e l e v a t i o n  angle  increment n o t  g r e a t e r  
t han  0.008 rad ian  must be employed. 

A s i m i l a r  l o g i c  i s  app l i ed  t o  t h e  crevice problem where success ive  
range p o i n t s  can b e  sepa ra t ed  by a d i s t a n c e  which does n o t  exceed t h e  
v e h i c l e ' s  crevice c r o s s i n g  c a p a b i l i t y .  
above, a maximum e l e v a t i o n  angle  increment of 0.0034 r ad ian  i s  r equ i r ed .  
The s i g n i f i c a n c e  of t h i s  approach t o  t h e  problem i s  t h a t  t h e  success ive  
d a t a  p o i n t s  d e f i n e  bounds on t h e  t e r r a i n  which may conceivably e x i s t  as 
shown on Figures  41  and 42. A t e r r a i n  modeling scheme based on t h i s  concept  
would have t o  i n t e r p r e t  s equen t i a l  range measurements as p o t e n t i a l  ob- 
s tacles  and t o  p e n a l i z e  a p o t e n t i a l  pa th  accord ingly .  

For t h e  one meter assumptions made 

In  a d d i t i o n  t o  t h e  d e t e c t i o n  of t h e  p o t e n t i a l  ob t rus ion  and depres-  
s i o n ,  it is  necessary  t h a t  some estimate of t h e  gene ra l  s l o p e  of t h e  
t e r r a i n  on which t h e s e  o b s t a c l e s  a r e  loca t ed  be  obtained.  A s  of t h i s  
w r i t i n g  it i s  proposed t h a t  a s lope  de te rmina t ion  scheme based .on  a scale 
l a r g e  compared t o  t h e  o b s t a c l e s  p e r  se (perhaps t h e  order  of magnitude of 
t h e  v e h i c l e )  may b e  e f f e c t i v e .  

It i s  proposed i n  Ref. 28  t h a t  t h e  fo l lowing  s h o r t  range system be  
i n v e s t i g a t e d .  Consider each azimuth l i n e  s e p a r a t e l y  and o b t a i n  range d a t a  
i n  terms of e l e v a t i o n  which are subsequent ly  converted i n t o  a l t i t u z - e s  and 
d i s t a n c e s  w i t h  r e s p e c t  t o  t h e  v e h i c l e  p o s i t i o n .  Range d i s t a n c e s  between 
success ive  d a t a  p o i n t s  a r e  computed. Assuming wors t  case v e r t i c a l  s t e p s ,  
comparison i s  made wi th  t h e  s t e p  c l iming  a b i l i t y  of t h e  v e h i c l e ,  A com- 
p a r a b l e  t e s t  i s  made f o r  s epa ra t ion  d i s t a n c e  wi th  a pena l ty  t o  be  incu r red  
i f  maximum crevice width i s  exceeded. Following t h e s e  c a l c u l a t i o n s ,  an 
estimate of t h e  g e n e r a l  s lope  of t h e  t e r r a i n  would b e  obta ined  t o  be  used 
as a r e f e r e n c e  by which t h e  corresponding a l t i t u d e s  and s e p a r a t i o n s  f o r  
t h e  real  t e r r a i n  can be  ca l cu la t ed .  This  c a l c u l a t i o n  would r e f l e c t  t h e  
f a c t  t h a t  a s i m p l e  a l t i t u d e  o r  separa t ion  may o r  may n o t  be  an o b s t a c l e  
depending on whether t h e  t e r r a i n  i s  g e n e r a l l y  s l o p i n g  upward o r  downward. 
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Figure GO-: Vehicle S t e p  Percept i .on 
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Figure  41. Poss ib l e  P o s i t i v e  Teri-ain Conf i gu ra , t i ons  
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This  information would have t o  be combined wi th  an a p p r o p r i a t e  dec i s ion  
r u l e  by which t h e  necessary  safe ty-energy-d is tance  t r a d e o f f s  can  be 
made between a l t e r n a t i v e  pa ths .  

A s  f u t u r e  work, it is intended t o  r e f i n e  t h i s  s h o r t  range t e r r a i n  
modeling system and t o  a s s e s s  the  e f f e c t  o f  sensor  e r r o r  on t h e  r e l i a b i -  
l i t y  of t h e  system t o  i n t e r p r e t  t he  t e r r a i n .  
system would have t o  be jo ined  with t h e  long range t e r r a i n  modeling con- 
c e p t  so t h a t  s imula t ions  df pa th  t r a j e c t o r i e s  over  a v a r i e t y  of t e r r a i n s  
wi th  a l t e r n a t i v e  pa th  s e l e c t i o n  dec is ion  making a l t e r n a t i v e s  can be  con- 
ducted. 
modeling system and a pa th  s e l e c t i o n  a lgor i thm f o r  an autonomous roving  

I v e h i c l e .  Such a des ign  should include s p e c i f i c a t i o n  of dev ices ,  t h e i r  
e r r o r  l i m i t a t i o n s  and t h e  consequences of a l t e r n a t i v e  e r r o r  l i m i t a t i o n  
s p e c i f i c a t i o n s .  

Beyond t h i s  p o i n t ,  t he  

The u l t i m a t e  o b j e c t i v e  i s  t o  d e f i n e  a t e r r a i n  sens ing  and 

Task D. Chromatographic Systems Analysis 

One important  phase of t h e  i n i t i a l  missions t o  Mars i s  t h e  sea rch  f o r  
organic  m a t t e r  and l i v i n g  organisms on t h e  mar t ian  su r face .  
for  a t t a i n i n g  t h i s  o b j e c t i v e  c o n s i s t s  of chemical ly  t r e a t i n g  samples of t h e  atmos- 
phere  and s u r f a c e  matter and t h e r e a f t e r  analyzing the  r e s u l t i n g  products  i n  a 
combination gas chromatograph/mass spectrometer.  It i s  t h e  o b j e c t i v e  of t h i s  t a s k  
t o  genera te  fundamental engineer ing  design techniques and concepts  f o r  use i n  o p t i -  
mizing t h e  des ign  of t h e  chromatographic sepa ra t ing  system. 

The p resen t  concept 

Because of t h e  complexity of t h e  system and t h e  number of independent 
parameters ,  a system a n a l y s i s  based on t h e  mathematical  s imula t ion  of t he  chroma- 
tograph i s  being undertaken. This technique uses  mathematical  models, which 
inco rpora t e  fundamental parameters ,  t o  explore  va r ious  concepts  and t o  d i r e c t  
exper imenta l  r e sea rch .  

In  p r i o r  work, s e v e r a l  v a r i a t i o n s  of a b a s i c  mathematical  model have 
been discussed.  This  earlier work has involved numerical  s o l u t i o n s  of t h e  system 
equa t ions  and v a r i o u s  p re l imina ry  s t u d i e s .  
exper imenta l  test  f a c i l i t y  t o  v e r i f y  the  system equat ions  was begun. 

In a d d i t i o n ,  t h e  cons t ruc t ion  of an 

Cur ren t ly  the  p r o j e c t  involves  e f f o r t  i n  t h r e e  a r e a s :  ,. 
1. Completion of t h e  tes t  f a c i l i t y .  

2. V e r i f i c a t i o n  of the system equat ions  us ing  
experimental  da ta .  

3. Development of r e l i a b l e  methods f o r  p r e d i c t i n g  
fundamental parameters of t h e  equat ions .  

Task D . 1 .  T e s t  F a c i l i t y  - G. L. Benoit 
Facul ty  Advisor:  Prof. P. K. Lashmet 

To exper imenta l ly  e v a l u a t e  the  mathematical  models, a t e s t  f a c i l i t y  
w a s  cons t ruc t ed  by renovat ing and modifying a Perkin-Elmer, Model 154C 
vapor f r ac tomete r  prev ious ly  used i n  chemical k i n e t i c  s t u d i e s .  Af t e r  
pre l iminary  experiments , t he  system was f u r t h e r  modif ied,  t he  f i n a l  
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system be ing  shown schemat ica l ly  in  Figure  4 3 .  
composed of s ix  subsystems: 

The chromatograph i s  

1. 

2. 

3. 

4 .  

. 5. 

Carrier gas  con t ro l .  The flow rate of helium i s  
r e g u l a t e d  and metered be fo re  e n t e r i n g  t h e  composition 
d e t e c t o r s .  A p rehea te r  c o i l  is  provided t o  warm t h e  
carrier gas  t o  the chromatograph temperature .  Flow 
rates r a n g e - t o  about 200ml/min (STP). 

9 1  

Composition de tec t ion .  Two micro thermis tors  a c t i n g  
as thermal  conduc t iv i ty  d e t e c t o r s  are provided, one 
f o r  each end of the chromatographic column. These 
d e t e c t o r s ,  which have t i m e  c o n s t a n t s  i n  the  o rde r  of 
0.04 second, and which are s e n s i t i v e  t o  changes i n  
chemical composition, form t h e  v a r i a b l e  l e g s  of two 
s e p a r a t e  Wheatstone b r idges .  Associated w i t h  t h e  . 
d e t e c t o r s  are t h e  d e t e c t o r  c o n t r o l s  and a l ight-beam 
o s c i l l o g r a p h  f o r  recording t h e  d e t e c t o r  s i g n a l s .  

Column. F a c i l i t i e s  are provided f o r  a s i n g l e  chromato- 
graphic  column o r  two columns arranged i n  series. The 
columns may be 3.2 o r  6.4 mm i n  diameter  and up t o  one 
meter i n  length .  

Sample i n j e c t i o n .  Liquid samples  may be i n j e c t e d  w i t h  
a microsyringe through a septum i n  t h e  i n j e c t i o n  b lock  
where they  are vaporized i n t o  the  c a r r i e r  gas stream. 
Gas samples may be i n j e c t e d  e i t h e r  by gas sy r inge  o r  
through a p rec i s ion  mini-sampling va lve .  

Oven. The d e t e c t o r s ,  columns, and sample i n j e c t i o n  
equipment are mounted w i t h i n  a forced  c i r c u l a t i o n  
oven capable  of maintaining cons t an t  temperatures  i n  
t h e  range  of  room temperature  t o  225 deg C. 

This  t a s k  has  been completed a n d  a t e c h n i c a l  r e p o r t ,  Reference 29, 
which d e s c r i b e s  t h e  p h y s i c a l  c h a r a c t e r i s t i c s  of t h e  system has  been i ssued .  

Task D.2. System Model V e r i f i c a t i o n  - G. L. Benoit  
Facul ty  Advisor:  Prof .  P. K. Lashmet 

A mathematical  model, composed of a system of  p a r t i a l  d i f f e r e n t i a l  
equa t ions ,  w a s  presented  ear l ier ,  Ref. 30. This  t a s k  has  as i t s  o b j e c t i v e  
t h e  development of a procedure for  comparing t h e  t h e o r e t i c a l  r ep resen ta -  
t i o n s  w i t h  experimental  d a t a .  Solu t ions  t o  l i n e a r i z e d  approximations of 
t h e  d i f f e r e n t i a l  equat ions  obtained by c l a s s i c a l  techniques were r epor t ed  
ear l ier ,  Ref. 31,  32.  Because of t h e i r  complexi ty ,  t h e  equat ions  were 
so lved  by assuming t h e  sample  was i n j e c t e d  as an impulse. Prel iminary 
exper imenta l  evidence shows t h i s  assumption i s  not  s t r i c t l y  c o r r e c t  and 
p r i o r  t h e o r e t i c a l  s t u d i e s ,  Ref. 35, have shown t h a t  d e v i a t i o n s  from an i m -  
p u l s e  inpu t  can apprec iab ly  a f f e c t  t h e  p red ic t ed  r e s u l t s .  Hence t o  com are 
t h e  mathematical  model w i th  t h e  da t a ,  t h e  impulse s o l u t i o n  i s  convolute2 
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w i t h  t h e  a c t u a l  i n p u t  func t ion  t o  p rov ide  a p red ic t ed  response  o r  
. chromatogram: 

where : 8 = a dimensionless  t i m e  

Y ( 8 )  = t h e o r e t i c a l  impulse response 

X(@) = measured concen t r a t ion  of sample a t  column i n l e t .  

' Output (e) = p r e d i c t e d  concen t r a t ion  of sample a t  column exit .  

This o p e r a t i o n  assumes system l i n e a r i t y  which i s  c o n s i s t e n t  w i t h  t h e  
d e r i v a t i o n  of t h e  impulse response. 

For s i m p l i c i t y  i n  developing t h e  d a t a  r educ t ion  and comparison 
t echn iques ,  t h e  equ i l ib r ium adsorp t ion  model, Kef. 31, w a s  used i n  t h i s  
s tudy.  Th i s  model assumes t h a t  a t  each p o i n t  i n  t h e  column, t h e  gas  
phase i s  i n  equ i l ib r ium w i t h  t h e  s o l i d  adsorbent  which i s  equ iva len t  t o  
an  i n f i n i t e l y  long column. This assumption l e a d s  t o  a s imple exponen t i a l  
s o l u t i o n  t o  t h e  governing equat ions : 

where : 

= 1 + (l/mRo) 

e = dimensionless  time = vt/L 

v = carr ier  gas v e l o c i t y  

t = t i m e  

L = column length  

Pe = t h e  P e c l e t  number which i s  a dimensionless  measure 
of sample d i f f u s i o n  i n  t h e  carrier gas. 

mR = a thermodynamic parameter, p e c u l i a r  t o  the s p e c i f i c  
chemical  s p e c i e s  and adsorbent  used. 

The d imens ionless  P e c l c t  number is  p r e d i c t a b l e  s i n c e  it depends only  
upon t h e  system conf igu ra t ion  and f l u i d  mechanics. The thermodynamic 
parameter  mR i s  s p e c i f i c  t o  t h e  system used and i s  determined from t h e  

system d a t a  us ing  a curve f i t t i n g  technique.  
0 

The numerical  procedure which w a s  developed has  t h e  fo l lowing  f e a t u r e s :  
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1. 

2. 

3.  

4 .  

5. 

In i t i a  1 

Normalizes a l l  experimental  d a t a  s o  t h a t  t h e  areas 
under t h e  input  and output  chromatograms are both  
u n i t y .  This  minimizes t h e  e f f e c t s  of c a l i b r a t i o n  
d i f f e r e n c e s  between t h e  two composition d e t e c t o r s .  

Convolutes t h e  input  d a t a  w i t h  a system model which 
can  b e  s p e c i f i e d .  

E s t i m a t e s  t h e  thermodynamic parameter  
i n g  t h e  maximum poin t  of t h e  p r e d i c t e d  chromatogram a t  
t h e  t i m e  when t h e  maximum concen t r a t ion  appears  i n  t h e  
exper imenta l  d a t a .  

mRo by p o s i t i o n -  

P l o t s  t h e  generated curves  as w e l l  as t h e  experimental  
d a t a  f o r  v i s u a l  comparison. 

Generates  s t a t i s t i c a l  in format ion  such as va r i ances  
and means f o r  numerical  comparison. 

s t u d i e s  were conducted wi th  t h e  fo l lowing  systems: 

H e l i u m  Temperature 
Component Column F 1 owrat e Range 

Is ob u t ane  Chromasorb 102 38 ml/min 2O0C 

Ethylene Chromasorb 102 38 ml/min 2O0C 

Nitrogen Molecular Sieve,  5A 35 ml/min 2O0C 

OXY gen Molecular S ieve ,  5A 35 ml/min 2O0C 

Acetone Chromasorb 102 43 ml/min 100-200°c 

Acetone Chromasorb 102 24 ml/min 125OC 

Ethylene Chromasorb 102 43 ml/min 2 8 - 1 7,5 OC 

The p h y s i c a l  c o n s t a n t s  of the columns were t h e  same: length  - 1 
meter; i n s i d e  d iameter  - 2.2 mm; and p a r t i c l e  s i z e  
(0.250/0.177 mm.). 
model are given i n  F igures  4 4  through 49.  

- 60/80 mesh 
Typica l  r e s u l t s  u s ing  t h e  equ i l ib r ium adso rp t ion  

The inpu t  p u l s e  f o r  ace tone ,  which w a s  i n j e c t e d  as a l i q u i d  us ing  
a microsyr inge  and then  vaporized,  i s  shown i n  F igure  44. 
pares t h e  p r e d i c t e d  impulse response and t h e  convolved response w i t h  t h e  
exper imenta l  d a t a  f o r  t h e  column a t  100°C. 
c reased  t o  15OoC, agreement between t h e  d a t a  and t h e  convolved response 
improves as seen i n  F igure  4 6 .  Figure 4 7 ,  a magni f ica t ion  of F igure  46,  
shows t h e  small  d i f f e r e n c e s  between t h e  p r e d i c t e d  and a c t u a l  performance 
f o r  t h i s  system. 
valve w i t h  t h e  r e s u l t a n t  p u l s e  of F igu re  48. Agreement between t h e  p re -  
d i c t e d  and observed performance f o r  t h i s  system was n o t  as s a t i s f a c t o r y  
as seen i n  F igu re  4 9 ,  
shows marked improvement over use of t h e  s i m p l e  impulse response.  

F igure  45 con- 

A s  t h e  temperature  i s  in -  

Ethylene was in j ec t ed  as a gas us ing  t h e  sampling 

However, use of t h e  inpu t  p u l s e  and convolu t ion  
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Resu l t s  f o r  bo th  t h e  acetone and e t h y l e n e  systems show improved 
r e p r e s e n t a t i o n  by t h e  equi l ibr ium adso rp t ion  model as t h e  system t e m -  
p e r a t u r e  i s  increased .  It appears t h a t  an unknown t r a n s p o r t  mechanism 
which i s  temperature  s e n s i t i v e  as w e l l  as material  dependent i s  res- 
pons ib l e  f o r  t h e  d i f f e r e n c e s  between t h e  d a t a  and t h e  p r e d i c t i o n .  
Because t h e  s o l i d  i s  a porous polymer, i t  i s  p o s s i b l e  t h a t  an o r i g i n a l  
assumption of a t h i n  adsorbed layer  on t h e  adsorbent  s u r f a c e  and no 
i n t r a p a r t i c l e  d i f f u s i o n  is n o t  v a l i d .  This  might account  f o r  t h e  d i f -  
f e r e n c e s  between t h e  observed behavior of t h e  ace tone  and e thy lene  
systems because e thy lene  i s  a smaller  molecule  and would tend t o  e x h i b i t  
l a r g e r  i n t r a p a r t i c l e  d i f f u s i o n  e f f e c t s .  The use  of t h e  more complicated 
model, Ref. 32, which inc ludes  t h e  e f f e c t  of f i n i t e  column length ,  as 
expressed as a dimensionless  t r a n s p o r t  parameter NtOG o f f e r s  a p o s s i b l e  
area of study. The term N t s  which i s  a measure of t h e  approach t o  equi -  
l i b r i u m  adso rp t ion  i s  r e l a t i v e l y  t empera tu re - insens i t i ve  b u t  i n t e r a c t i o n s  
between t h e  v a r i o u s  parameters  Pe, 
account  f o r  t h i s  behavior .  
i n  f u t u r e  work. 

' 

mRo, and NtW may be s u f f i c i e n t  t o  
These t o p i c s  w i l l  be  i n v e s t i g a t e d  thoroughly 

I n  summary, t h e  d a t a  reduct ion  program i n  i t s  p resen t  form i s  
capab le  of s imula t ing  t h e  gas chromatograph and comparing p red ic t ed  be- 
h a v i o r  t o  a c t u a l  system da ta .  The equ i l ib r ium adso rp t ion  model i s  found 
t o  r e p r e s e n t  d a t a  f a i r l y  w e l l  provided t h e  input  pu l se  i s  cons idered ,  
a l though f u r t h e r  work i n  t h e  model development i s  warranted. The t a s k  
on developing a d a t a  reduct ion  and a n a l y s i s  procedure i s  complete and 
f u r t h e r  d e t a i l s  have been repor ted ,  Ref. 3 4 .  Future  work w i l l  i nc lude  
f u r t h e r  model development us ing  the  procedure t o  compare theory  wi th  
experiment.  

Task D.3. Transpor t  Parameter Est imat ion - P. K. Lashmet 

Mathematical  r e p r e s e n t a t i o n  of t h e  chromatograph r e q u i r e s  a 
p r i o r i  estimates of t h e  t r anspor t  parameters  and Ntm as w e l l  as 
o t h e r  p r o p e r t i e s  which depend upon t h e  complexity of t h e  mathematical  
model. Approximate methods f o r  e s t ima t ing  NtgG have been d iscussed  
e a r l i e r ,  Ref. 30, so  t h i s  t a s k  has had a s  i t s  immediate o b j e c t i v e  t h e  
development of a s u i t a b l y  accura te  method f o r  e s t ima t ing  t h e  Pec le t  
number Pe.  

Pe 

The Peclet number, which i s  a dimensionless  measure of d i f f u s i o n  
i n  t h e  d i r e c t i o n  of carr ier  gas  flow, i s  def ined  a s  

Pe = v L / D  

i n  which v = mean v e l o c i t y  of the carr ier  gas 

L = l eng th  of chromatographic column 

D = e f f e c t i v e  d i f f u s i o n  c o e f f i c i e n t  

Th i s  P e c l e t  number i s  a func t ion  of t h e  f l u i d  mechanics of t he  system 
as w e l l  as t h e  phys ica l  p r o p e r t i e s  of t h e  chemical sample and c a r r i e r  
gas .  



102 I 
' I  
~I 
I 
I 
I 

I I  

I 
I 
I 
1 
I 
I 
I 
I 
I 
I 

P r i o r  a t t e m p t s  t o  compute the P e c l e t  number from t h e o r e t i c a l  
c o n s i d e r a t i o n s  and o t h e r  measured t r a n s p o r t  p r o p e r t i e s  of t h e  system 
were n o t  completely s u c c e s s f u l ,  Ref. 35. It w a s  found dur ing  an in-  
v e s t i g a t i o n  of t h e  numerical  techniques t h a t  t h e  s t e p  s i z e  and e r r o r  
c r i t e r i o n  s p e c i f i e d  i n  so lv ing  t h e  a p p l i c a b l e  d i f f e r e n t i a l  and i n t e g r a l  
equa t ions  l ead  t o  s e r i o u s  l o s s  of s i g n i f i c a n t  f i g u r e s  and a r e s u l t i n g  
numerical  i n s t a b i l i t y .  Furthermore, review of r e c e n t l y  r e p o r t e d  e x p e r i -  
mental  work shows apprec iab le  dev ia t ions  between d a t a  and accepted 
c o r r e l a t i o n s .  Because the'se c o r r e l a t i o n s  are used i n  d e r i v i n g  t h e  
numerical  procedure and i n  checking t h e  technique,  t h e  numerical  in -  
v e s t i g a t i o n  i s  be ing  delayed u n t i l  a c r i t i c a l  review of t h e  a v a i l a b l e  
l i t e r a t u r e  is  completed. In add i t ion  t o  t h i s  formal  work, it i s  planned 
t o  o b t a i n  exper imenta l  d a t a  i n  the test  f a c i l i t y  which w i l l  y i e l d  Peclet 
numbers. A column packed wi th  non-adsorbing g l a s s  beads i s  a v a i l a b l e  
f o r  t h i s  purpose. 

, 

Because of t h e  a v a i l a b i l i t y  of new d a t a  and t h e s e  apparent  d i s -  
It w i l l  be  c repanc ie s ,  complet ion of t h i s  subtask has been delayed. 

cont inued  dur ing  t h e  next  yea r  and should b e  completed by December 1971. 
A f t e r  completion of t h i s  po r t ion  of t h e  t a s k ,  t h e  p r o p e r t i e s  of t h e  
o t h e r  parameter Nt. w i l l  be  f u r t h e r  . invest igated.  Because t h e  mathe- 
matical models a r e  n o t  p a r t i c u l a r l y  s e n s i t i v e  t o  va lues  of 
pec ted  i n  t h e  p r o j e c t e d  systems, t h i s  p o r t i o n  of t h e  b a s i c  t a s k  i s  n o t  
c r i t i c a l  a t  t h e  p r e s e n t  time. 

Nt. ex- 

I n  summary, a main o b j e c t i v e  of t h e  Chromatographic Systems 
Analys is  - t h e  development and v e r i f i c a t i o n  of system models - i s  w e l l  
underway. In a d d i t i o n  t o  f u r t h e r  work i n  model development, e f f o r t  w i l l  
be  i n i t i a t e d  i n  t h e  fo l lowing  areas  dur ing  t h e  coming y e a r :  

1. E f f e c t  of chromatograph des ign  upon t h e  des ign  and 
performance of the overall a n a l y t i c a l  system (GC/MS) . 

2. Evalua t ion  of design parameters  upon chromatographic 
system performance e s p e c i a l l y  i n  multicomponent gases  
and p o s s i b l e  a p p l i c a t i o n s  t o  adap t ive  s t r a t e g i e s  f o r '  
system improvement on Mars. 

Although t h e  p r e s e n t l y  a v a i l a b l e  models d e v i a t e  apprec i ab ly  from 
a c t u a l  d a t a  under c e r t a i n  cond i t ions ,  they are adequate  f o r  i n i t i a t i n g  
t h e s e  proposed o v e r a l l  systems s tud ie s .  
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